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INTRODUCTION 


This Heathkit Individual Learning Program, EE-3102-C, is designed to give you a 
foundation in the principles of “AC Electronics.” You will begin with a discussion 
of alternating current. Then, as you progress through the course, you will be intro- 
duced to the characteristics of various components in the AC circuits, as well as 
applications of the components. 


Several experiments are also provided to give you both the theory and some practi- 
cal applications. They are designed to reinforce the information that is provided in 
the text. We urge you to perform the experiments whenever possible. 


To perform these experiments, you will need a Heathkit Analog Trainer, such as the 
ET-3600, and a multimeter. Some of the experiments also require you to use an 
oscilloscope and one or two probes. 


In addition, an audio visual presentation, EEA-3102A, is available for you to use 
with this course. Although you do not need this package to complete the course, it 
can give you a different perspective of the text material, as well as additional rein- 
forcement of the concepts in each unit. This package can also serve as an overview, 
as well as a summary of the “AC Electronics” text. 


How do you gauge your learning? Let the objectives be your guide. These carefully 
constructed objectives are the framework for the course. When you can meet all of 
the objectives, you have satisfied the requirements of the course. You will find two 
types of objectives in this course. Broad course objectives are listed following this 
introduction. More specific unit objectives are listed near the front of each unit. 
When you can satisfy these unit objectives, you have learned everything that was 
intended from the units; no matter how easy it seemed. 


When you complete the program, you will no doubt want to receive some recogni- 
tion for your accomplishment. If you complete the final exam and make a passing 
grade (70% or better), you will receive an attractive Certificate of Achievement and 
Continuing Education Units (CEU’s) that indicate your participation in an adult 
continuing education course. 
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The following are general tips for improving the accuracy of your experiments: 


Be sure that all powered equipment is connected to the same power source. 
This establishes a common reference and helps prevent ground loops. 


Make sure you do NOT inadvertently insert a ground into the circuit under 
test. Determine if your test equipment reference lead is earth grounded. 


With an ohmmeter set to its R x 1 range, measure the reference lead to the 
center prong of the power plug. If the reading is zero, your equipment is earth 
grounded. 


If it is earth grounded, you MUST reference all measurements to ground. 


When you make a comparison between two frequencies, make sure the input 
reference does NOT change excessively with the change in frequency. 


Tune your source across its frequency range while you monitor the output. If 


the output amplitude changes or is too high, use the circuit shown below be- 
tween your signal source and the circuit under test. 


SINE 
GENERATOR 


* 100kQ 
CONTROL 


REFERENCE 
INPUT VOLTAGE 







TO CIRCUIT 
UNDER TEST 


VOLTMETER (rms) 


OR 
OSCILLOSCOPE (peak-to-peak) 


*When you use Heathkit Trainers, use the 100 kQ control that is mounted on the Trainer. 


This procedure takes the approximate and relative values out of your calcula- 
tions and, thus, greatly improve the accuracy of your results and your under- 
standing of the principles being demonstrated. 


Remember: The frequency dial represents only a relative value. If you want 
greater accuracy, monitor the output frequency with a calibrated frequency 
counter or oscilloscope. 
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COURSE OBJECTIVES 


When you complete this course on AC electronics, you will be able to: 


1. 


2. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


State the difference between alternating and direct current. 
List the advantages that alternating current has over direct current. 
Describe the operation of a basic AC generator. 


Determine the effective value, peak value, peak-to-peak value, frequency, and 
period of an AC sine wave. 


Explain how to use AC meters to measure current, voltage, and power. 


Analyze series and parallel AC circuits that contain only resistance, and solve 
these circuits for voltage, current, and power. 


Define capacitance, explain the electrical property known as capacitance, and 
state how capacitors are formed. 


Define inductance, explain the electrical property called inductance, and ex- 
plain how inductors are formed. 


Analyze inductive circuits and determine the resistance, inductive reactance, 
current, voltage, true power, reactive power, phase angle, and power factor of 
the circuit. 


Analyze capacitive circuits and determine the resistance, capacitive reactance, 
current, voltage, true power, reactive power, phase angle, and power factor of 


the circuit. 


Analyze RLC circuits and determine the resistance, inductive reactance, ca- 
pacitive reactance, true power, reactive power, current, voltage, phase angle, 
power factor, power factor correction, and resonant frequency. 


List the characteristics of both series and parallel resonant circuits. 
Explain basic transformer action. 


Determine the current, voltage, impedance, and power ratios for a given trans- 
former. 


Determine the turns ratio necessary for an impedance match. 


List the electrical properties of a transformer and name five general uses of 
the transformer. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 
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Explain the term remote control. 

Explain the difference between a generator and a motor. 

List the basic types of motors. 

State the type of AC motor most used in industrial applications. 
Explain the term universal motor. 


State the advantages and disadvantages of series type motors when compared 
to shunt type motors. 


Explain the term compound motor. 

State the advantage of a servosystem over a synchrosystem. 
Calculate AC currents for specified appliances. 

Explain the term service drop. 

Convert power requirements between horsepower, watts, and current. 
List 4 safety devices that should be in every home. 

Explain the difference between reference ground and earth ground. 


Draw a block diagram complete with current requirements for the electrical 
loads in your home. 
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PARTS LIST 


This list contains all of the parts for the experiments you will perform with this 
course. The key numbers correspond to the numbers on the illustrations. Some 
parts are packaged in envelopes. Except for this initial parts check, keep these 
parts in their envelopes until they are called for in an experiment. A container 
is provided so you can keep the small parts together in one place. 


KEY PART QTY. DESCRIPTION 
No. No. 
RESISTORS (1/2-Watt) 
Al 6-101 1 100 Q (brown-black-brown) CD 
Al 6-471 1 470 Q (yellow-violet-brown) 
Al 6-102 2 1000 Q (brown-black-red) 
Al 6-472 2 4700 Q (yellow-violet-red) oR 
At 6-103 1 10 kQ (brown-black-orange) 
A1 6-473 1 47 kQ (yellow-violet-orange) 
CAPACITORS 
Disc — D 
\ 
A2 21-163 1 1000 pF (may be marked | 
.001 uF or 102K) Ee 
Mylar 
A3 27-86 1 .47 uF (may be marked 474K) 
A4 27-74 1 .01 pF 
A4 27-77 1 AF 
A4 27-79 1 .039 uF (may be marked 393K) 
A4 27-41 1 .0022 uF (may be marked 222K) 
MISCELLANEOUS 
y 
A5 45-610 1 107 mH RF choke 
A6 51-97 1 Audio transformer 
A7 331-7 1 Solder 
A8 344-59 1 Hookup wire (2 ft.) 
A9 412-15 1 Neon lamp 
A10 490-1 1 
266-962 1 


Alignment tool 
Small parts container 
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INTRODUCTION 


It is essential that anyone who plans to work within the field of electronics have 
a thorough understanding of the theory and principles of alternating current. Not 
only does alternating current (commonly called “AC’”) play an important role in 
the field of theoretical electronics, but it is also used much more extensively than 
direct current (DC) in practical applications. In fact, it is virtually impossible to 
avoid using it or at least being affected by it. 


Today, you are surrounded by the miracles of the electronic age. Appliances, 
tools, and communication equipment simplify everyday living and contribute to 
a comfortable lifestyle. It is hard to imagine what life would be like without these 
conveniences. 


In this unit, you will begin your study of the principles that have such an impact 
on your everyday life. You will learn how alternating current is produced and 
study its electrical characteristics. 
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UNIT ONE 


UNIT OBJECTIVES 


When you complete this unit, you will be able to: 


1. 


10. 


11. 


12. 


13. 


Define: alternating current (AC), sine wave, cycle, alternation, positive al- 
ternation, negative alternation, instantaneous value, peak value, peak-to- 
peak value, effective value, average value, period, frequency, and hertz. 
State the difference between alternating current and direct current. 

Name three advantages of AC current over DC current. 

Name six general applications of alternating current. 


Describe the operation of the basic AC generator. 


State the four factors that affect the voltage or current induced into a con- 
ductor. 


Determine the peak value of a sine wave. 
Determine the peak-to-peak value of a sine wave. 
Determine the effective value of a sine wave. 
Calculate the frequency of an AC signal. 
Calculate the average value of a sine wave. 
Determine the period of a sine wave. 


Name three types of AC waveforms (other than the sine wave). 
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UNIT ACTIVITY GUIDE 


Completion 
Time 


Read “The Importance of AC.” 

Complete Programmed Review Frames 1-14. 
Read “Generating AC.” 

Complete Programmed Review Frames 15-33. 
Read “The Sinusoidal Waveform.” 

Complete Programmed Review Frames 34-47. 
Read “AC Values.” 

Complete Programmed Review Frames 48-62. 
Read “Nonsinusoidal Waveforms.” 

Complete Programmed Review Frames 63-70. 
Study the Summary. 


Complete the Unit Examination. 


B-Ball oe 


Check the Examination Answers. 
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THE IMPORTANCE OF AC 


Because of its characteristics, alternating current is suitable for a variety of com- 
mercial, industrial, and military applications. To understand why AC is used, you 
must understand its advantages and characteristics. This course begins by de- 
scribing AC, how it is used, and why it is used. This brief discussion about the 
significance of AC will prepare you for more detailed discussions which follow. 


What is AC? 


Unlike direct current (DC) which flows only in one direction, alternating current 
periodically changes its direction of flow. In other words, alternating current 
flows first in one direction and then in the opposite direction. 


Figure 1-1 illustrates the difference between DC and AC. Figure 1-1A shows a 
resistor that has direct current flowing through it. The current that flows only in 
one direction is the result of the fixed or constant voltage that is applied to the 
circuit. This fixed voltage source (referred to as a DC voltage) could be a storage 
battery or a dry cell. The DC voltage source and the resistor form an elementary 
DC circuit. 

CURRENT FLOWS 


IN ONE DIRECTION 
+ IN A DC CIRCUIT 


nN 


+ 
DC VOLTAGE 


+ 


LS 
@) 
T) 


AC VOLTAGE 


7 AN 


CURRENT FLOWS IN 


THE POLARITY _ ONE DIRECTION AND 

OF THEAC T THEN IN THE OPPOSITE 

VOLTAGE SOURCE DIRECTION iN AN 

PERIODICALLY I y —  ACCIRCUIT 

CHANGES J 

AC VOLTAGE + 
. © 
Figure 1-1 


Current flow in DC and AC circuits. 


Since the voltage source is fixed, the polarity of the source does not change. 
Therefore, the polarity of the voltage drop across the resistor in the circuit is also 
unchanged. The current through this circuit flows only in one direction because 
the DC voltage source remains fixed. 


Figure 1-1B shows how alternating current flows through a resistor. In the top 
figure, current flows in a counterclockwise direction while, in the bottom figure, 
current flows clockwise. Notice also that the polarity of the source voltage as 
well as the polarity of the voltage drop across the resistor changes in these illus- 
trations. The change in the polarity of the voltage applied to the circuit results in 
a change in the direction of current flow and a change in the polarity of the 
voltage drop. The voltage source shown here is generally referred to as an AC 
voltage. The resistor and the voltage source form a basic AC circuit. 


It is also important to note that a direct current usually has a steady or constant 
value since it is usually produced by a DC voltage that has a fixed value. How- 
ever, momentary changes may result if, for example, the DC voltage is adjusted 
to a higher or lower value or when the circuit resistance changes in value. How- 
ever, in most DC circuits you are concerned with a steady current which always 
flows in one direction. By comparison, an alternating current changes in both 
value and direction. In other words, the current in an AC circuit increases from 
zero to some maximum value and then drops back to zero as it flows in one 
direction and then varies in the same manner in the opposite direction. You can 
control the exact manner in which the current increases and decreases in each 
direction. This makes it possible to produce various types of AC signals. In fact, 
a variety of AC voltage sources are used to generate different types of AC volt- 
ages that are suitable for a variety of applications. In this unit, you will examine 
some of the basic types of AC signals that are commonly used. 


Why is AC Used? 


Alternating current is used widely because of its versatility. Since AC changes in 
both value and direction, it has characteristics which you can utilize in a wider 
range of applications than is possible with DC currents. 


For example, when a large amount of electrical energy is required for a particular 
application, it is much easier to generate and transmit alternating current instead 
of direct current. In applications where large amounts of power are required, 
devices such as batteries (which produce DC voltages suitable for low power 
applications) cannot be used. In these applications, electromechanical devices 
known as generators are used to generate the high voltages and currents required. 
Although generators can be used to produce both DC and AC electricity, AC 
generators are less complex, they can be constructed in larger sizes, and are often 
more economical to operate. Therefore, AC electrical power is simply easier and 
cheaper to produce. 
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You can easily change an AC voltage to a higher or lower voltage by passing it 
through a device known as a transformer. Furthermore, this increase (step up) or 
decrease (step down) in voltage can be achieved with very little loss of power. In 
other words, the new voltage will provide approximately the same power to a 
load as you could obtain from the initial voltage. This is an important feature 
which is used to advantage in many applications. Although it is true that DC 
voltages may also be stepped up or down, the process is much more complex and 
costly. Also, considerable power is lost during transformation of DC voltages, 
which makes the conversion of DC voltages less efficient. 


Alternating current may be easily converted into direct current that can, in turn, 
be used to operate various types of DC circuits or equipment. Although it is true 
that DC power can also be converted into AC power, the process is much more 
complex, more expensive, and less efficient. Therefore, when AC is used as the 
primary source of electrical power, you can still obtain DC when it is needed 
with a relatively simple conversion process. 


The characteristics and features just described may seem to indicate that AC is 
useful only because it can serve as a source of electrical power to operate elec- 
tronic equipment. However, this is not the case. Alternating current is also used 
extensively to transmit information from one location to another. This informa- 
tion carrying ability results because the characteristics of an alternating current 
or voltage can be made to vary in a desired manner. In other words, the magni- 
tude or amplitude (maximum value in each direction) can be varied to represent 
intelligence or information. Even the rate at which the alternating current changes 
direction can be varied to represent intelligence. In this way, information can be 
inserted within an alternating current or voltage, which makes it possible for the 
AC to carry information. When alternating currents or voltages are used to carry 
information, they are often referred to as AC signals. AC signals are widely used 
in electronics to carry information from one point to another within an electronic 
circuit. These signals can also be transmitted over long distances with long wires 
or transmission lines. 


Alternating current may also be converted into electromagnetic waves (also called 
radio waves) which can radiate or travel through space. This action is possible 
because a conductor which carries alternating current is surrounded by a mag- 
netic field. The field expands and collapses as the intensity and direction of the 
current changes. If the current changes at a sufficiently high rate of speed, the 
magnetic field actually radiates outward and the radiated energy varies in accor- 
dance with the alternating current. This means that AC signals (which contain 
information) can be transmitted from one location to another, without wires or 
transmission lines. You cannot perform this action with direct current. 


The points just described illustrate just a few reasons why AC is used. Although 
there are many additional factors to consider, you can summarize by saying that 
AC is primarily used to either provide electrical power or to provide a means of 
transmitting information or intelligence from one point to another. 
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Where is AC Used? 


In any application where large quantities of power are needed, alternating cur- 
rent is generally used. In fact, most electrical energy supplied for domestic and 
commercial purposes is alternating current. 


Large amounts of AC power can be generated at the power plant by extremely 
large generators which are driven by turbines that are in turn powered by steam 
or falling water. Power stations that utilize falling water are referred to as hydro- 
electric stations and are usually located near a dam where the water can be stored 
and you can control its rate of flow. When steam is used in the generation pro- 
cess, a source of heat is required to produce the steam. This heat may be pro- 
duced by burning coal, although many of the newer stations use nuclear energy. 
At one time, windmills were widely used in some of the more remote areas, to 
generate AC power. Many windmills are still in operation today, but they are not 
considered suitable for supplying large amounts of power. 


The AC electrical power produced by a power plant is distributed as shown in 
Figure 1-2. The generators at the plant produce a relatively high AC voltage (of 
ten 3,200 volts or more), and this voltage is passed through power transformers 
which step it up to an even higher voltage (often as high as 275,000 volts). This 
extremely high AC voltage is applied to long distance transmission lines, which 
carry the voltage to the various cities and towns that are serviced by the power 
plant. At each location where the power is to be used, it passes through power 
transformers which step it back down to a lower voltage (typically 2,300 volts). 
The AC voltage is then distributed through wires which are strung on utility 
poles that are located along roadways, streets and alleys. This relatively high AC 
volt age may be directly used to power high voltage motors and industrial equip- 
ment. The AC voltage must be reduced even further before it can be used in the 
home. This final step-down is accomplished by a transformer which is usually 
located on a utility pole. This transformer steps the voltage down to 240 and 120 
volts, which is then distributed to the nearby homes. 
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Figure 1-2 
A typical electrical power distribution 
system. 
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Most of your household wall plugs and light fixtures are 115/120 AC volts at 60 
hertz (Hz). Some of the major appliances like stoves, wall heaters, electric fur- 
naces, electric dryers, and some air conditioners use the 220/240 AC voltage 
source. Wall plugs that are rated at other than 115/120 generally require a special 
plug. The special plug requirement helps eliminate the possibility of mistakenly 
plugging an appliance into an improper supply voltage. 


In the home, AC power is used for heating, cooking, and illumination. It is used 
to operate appliances such as clothes dryers, refrigerators, electric ranges, micro- 
wave ovens, dishwashers, and vacuum cleaners. In fact, all of the large electrical 
appliances that are used in your home depend upon the 240- or 120-volt AC 
power provided by the electric power company. 


You should inspect power cords periodically for signs of wear and bare wire. A 
bare wire can be caused by wearing away a portion of the insulation material that 
coats the power cord. Keep power cords out of exposed areas. Do not route a 
power cord or extension cord across a doorway or any place where it might be 
stepped on or run over by other objects. Most wall receptacles (wall plugs) are 
rated at 15 amperes. Make sure that you do not demand more current than a 
receptacle can supply. Besides blowing a fuse, it could start a fire. 


If you have an electrical fire, do not pour water on the fire. To put out an electri- 
cal fire, use a carbon dioxide fire extinguisher or sand. 


Many industries rely on AC power to operate the electric motors that drive their 
machinery. AC motors are used much more extensively than DC motors because 
an AC power source in readily available. AC motors are also less expensive, 
more rugged, more efficient, and require less maintenance than comparable DC 
motors. In the relatively few applications where DC motors are required, such as 
the types used to operate elevators and certain machine tools, AC power is con- 
verted to DC power which is then used to drive the equipment. 


In other industrial applications, AC is used to heat various materials. In these 
applications, rapidly varying AC currents are allowed to flow through specially 
shaped coils of wire. The electromagnetic fields produced by the AC currents, 
cause heat to be generated within any metal object that is placed within its coils. 
This process is often used to heat-treat metals. A similar process is also used in 
the medical profession where AC currents are used to produce heat within body 
tissue. 


Without alternating current, radio or television communication would not be 
possible. This is because AC carries the sound as well as the picture information 
that is transmitted from one location to another. A typical television broadcasting 
system is shown in Figure 1-3. The sound and picture information is converted 
into electrical signals by the microphone and television camera respectively. These 
signals are applied to the sound and picture transmitters, as shown, where they 
are used to vary the characteristics of the high power alternating currents which 
are produced by the transmitters. The resulting high power AC signals contain 
the sound and picture information and are applied to the transmitting antenna. 
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Figure 1-3 
A typical television broadcasting 
system. 


The antenna converts the signals into electromagnetic waves and radiates the 
waves into space. When these waves intercept the antenna on a television set. 
They produce AC signals within the antenna that are identical to the signals ap- 
plied to the transmitting antenna. These AC signals are separated and processed 
by the television set so that the sound and picture information is extracted and 
converted into an audible and visual display. 


AC signals also play an important role in many applications where information 
must be transmitted from one location to another. For example, generation and 
transmission of AC signals are utilized in radar equipment, two-way radio com- 
munication systems, as well as AM and FM radio broadcast systems. The vari- 
ous telephone systems across the country utilize AC signals, although these sig- 
nals are carried by wires or transmission lines. Many of the telephone company’s 
transmission lines have been replaced with low-loss fiber optic cables. 


In addition, AC signals are used in many short range applications. In a short 
range application, the distances between the transmitting and receiving points 
are only a few feet or possibly a few hundred yards apart. Such applications 
include the radio control systems that are used to control model airplanes, toys, 
boats, and even cordless telephones. Remote television channel selectors which 
change the channels on television sets from several yards away, and the elec- 
tronic garage door opener which allows you to open a garage door without get- 
ting out of your car are also types of remote control devices. 


As you can see, there are many applications for alternating current. In fact, there 
are so many that it would be impossible to consider all of them at this time. 
However, this brief review helps you to understand the important role that AC 
plays in electronics. AC is used to provide comfort, convenience, and even enter- 
tainment for a large number of people. 
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Programmed Review 


All reviews in this text are presented in a programmed instruction format. They 
will enhance your understanding of the material presented in each section. Read 
the numbered frames carefully and fill in the missing blanks in each frame. The 
correct answer appears in parenthesis at the beginning of the next frame. Use a 
sheet of paper to cover all of the frames below the one you are reading. 


Alternating current (AC) periodically changes its direction of flow. In 
other words, it flows first in one direction and then it flows in the 
direction. 


(opposite) Alternating currents usually vary in value or magnitude as 
well as change direction. In other words, an alternating current usu- 
ally increases from zero to some maximum value and then drops back 
to zero again in one direction. It then varies in the same manner, but in 
the opposite 


(direction) In order to produce an alternating current in a circuit, it is 
necessary to use a voltage source that reverses its polarity as well as 
its value or magnitude. In other words, an alternating current is pro- 
duced by an AC 


(voltage) Alternating current is used more extensively than direct cur- 

rent (DC) in applications where large amounts of electrical energy are 

needed. This is because it is much easier and cheaper to generate a 

large amount of AC power than it is to generate a large amount of 
power. 


(DC) An AC voltage can be easily stepped up to a higher voltage or 

reduced to a lower voltage without a significant loss in power. This 

means that the new voltage can provide almost the same amount of 
to a load as could be obtained from the initial voltage. 


(power) Although AC power may be the only type of electrical energy 
available, it is still possible to obtain DC power you need it. This is 
because it is relatively easy to convert ____ to 
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(AC to DC) Alternating current may also be used to carry information 
or intelligence by varying its characteristics in a desired manner. When 
it is used in this manner, the resulting alternating current is referred to 
as an signal. 






























(AC) Alternating currents may also be transmitted over long distances 
through wires or transmission lines or by converting them to radio 
waves which can travel through 





(space) The electrical power that is generated by many power stations 
across the country and distributed to various businesses and homes is 
actually AC power. This power is generated at a relatively high volt- 
age, but it is stepped up to an even higher for transmis- 
sion over long-distance transmission lines. 


. (voltage) At the point where the AC power is to be utilized, it is 
to a lower voltage which is safe to use. 





. (stepped down) Commercial AM and FM radio stations, as well as 

various local television studios, broadcast sound and picture informa- 
tion via AC signals. These signals are transmitted to various radio and 
television sets inside homes across the country. Such AC signals are 
transmitted in the form of waves. 








. (electromagnetic or radio) Telephone companies also uses AC signals, 
but these signals are sent from one location to the next through 
lines. 


. (transmission) AC that is used by the electrical power companies and 
many AM, FM, and TV broadcast systems across the country illus- 
trate two fundamental applications of alternating current. These two 
basic applications show that AC is useful both as a source of electrical 
and as a means of carrying 


14. (power, information) 
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GENERATING AC 


Although alternating current may be generated in a number of ways, the most 
basic means of obtaining AC is with an electromechanical device known as an 
AC generator or alternator. An AC generator produces an alternating voltage 
which in turn develops an alternating current through any load (resistor, lamps, 
etc.) that is connected to the generator’s output terminals. Basically an AC gen- 
erator produces an AC voltage by turning a loop of wire within a magnetic field. 
The relative motion between the wire and the magnetic field causes a voltage to 
be induced into the wire. This voltage changes in magnitude and polarity as the 
speed and direction of the wire changes in relation to the magnetic field. 


The next few paragraphs describe the conditions that are necessary to produce a 
voltage within a conductor. You will see how a simple AC generator is capable of 
producing an alternating voltage. 


Electromagnetic Induction 


An AC generator produces an alternating voltage because it uses a fundamental, ~ 
but important, process known as electromagnetic induction. Electromagnetic in- 
duction is the process of inducing a voltage within a wire or conductor by mov- 

ing it through a magnetic field. 


In Figure 1-4, notice that a short wire or conductor has been inserted into the 
magnetic field that exists between the north (N) and south (S) poles of two mag- 
nets. When you move the conductor upward through the magnetic field, it cuts 
across the magnetic lines of force (also called flux lines) that are produced by the 
magnets. As the magnetic flux lines pass through the conductor, the free elec- 
trons in the conductor are forced to move. These free electrons move towards 
one end of the conductor, which leaves a deficiency of electrons at the other end. 
This excess and deficiency of electrons causes the opposite ends of the conduc- 
tor to take on negative (—) and positive (+) charges as shown. In other words, a 
difference of potential or voltage is developed across the conductor. 


The voltage that is developed across the conductor shown in Figure 1-4 results 
due to the relative motion between the conductor and the magnetic lines of force. 
This relative motion must exist in order for a voltage to be produced. The con- 
ductor may move while the field remains stationary, or you could hold the con- 
ductor stationary while you move the field. Either condition produces a voltage. 
If there is no relative motion, no voltage is produced. 
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A voltage is induced in a conductor 
which moves through a magnetic field. 


The voltage produced within the conductor is generally referred to as an induced 
voltage. This voltage is induced within the conductor regardless of whether there 
is current flowing through the conductor or not. In fact, a continuous current 
cannot flow through the conductor unless there is a complete circuit. You might 
form such a circuit by connecting a load (such as a resistor) across the conductor 
as shown by the dashed lines in Figure 1-4. Current could then flow through the 
load resistance as shown. 


The direction that the conductor is moving and the direction of the magnetic field 
determine the polarity of the voltage induced within the moving conductor. Note 
the direction of conductor motion and the direction (north to south) of the mag- 
netic flux shown in Figure 1-4. Note the polarity of the induced voltage and the 
direction that current travels when a complete current path is provided. If you 
reverse either the direction of conductor motion or the direction of the magnetic 
flux, the polarity of the induced voltage is reversed, and current flows in the 
opposite direction. 
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You can use the left-hand generator rule, illustrated in Figure 1-4, to determine 
the direction of current flow or the polarity of induced voltage within a conduc- 
tor. When you position your left hand as shown, your thumb indicates the direc- 
tion of conductor motion, your index finger points in the direction of magnetic 
flux, and your middle finger, which is bent out from the palm at a 90 degree 
angle, points in the direction of the induced current. 


The amount of voltage that is induced in a conductor is determined by several 
factors. First the induced voltage is affected by the strength of the magnetic field. 
A stronger magnetic field results in more lines of force per unit area. This means 
that there are more lines to cut and the induced voltage increases. When you 
reduce the field strength, fewer lines of force exist, and the induced voltage de- 
creases. 


Induced voltage also depends upon the speed the conductor moves. The faster 
the conductor moves, the greater the induced voltage. This occurs because the 
faster moving conductor cuts more lines of force in a given period of time. When 
you reduce the speed of the conductor, fewer lines of force are cut per unit of 
time and the induced voltage decreases. 


The length of the conductor within the magnetic field also affects the induced 
voltage. The longer the conductor, the greater the induced voltage. The longer 
conductor cuts more lines of force as it moves through the magnetic field. A 
shorter conductor intercepts (cuts) fewer lines of force, and induced voltage is 
decreased. 


The angle at which the conductor cuts the magnetic field also affects the induced 
voltage. When a conductor moves at a right angle (90 degrees) with respect to 
the magnetic field, as shown in Figure 1-4, maximum voltage is induced. When 
the angle between the field and the direction of conductor motion decreases, 
induced voltage decreases. This relationship is true regardless of the direction of 
the induced voltage. 


The relationship between the direction of the field and the direction of conductor 
motion is shown in Figure 1-5. If the conductor (viewed edgewise) moves straight 
up from the starting position (direction A), it moves at a right angle (90 degrees) 
with respect to the field. At this time, the conductor cuts the maximum number of 
lines per unit of time and the induced voltage is maximum. The voltage induced 
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into the conductor causes current to flow out of the page or toward you (accord- 
ing to the left-hand rule). The same condition exists when the conductor moves 
in the opposite direction (direction E). In this case, the conductor is still moving 
at a right angle with respect to the field. The change in direction still induces a 
maximum current, which develops a maximum voltage. The only difference 
caused by reversing the direction of conductor motion is that the induced current 
flows into the page. In other words, the direction of current flow reverses. 


DIRECTION OF 
MOTION 





CONDUCTOR 


Figure 1-5 
The induced voltage is determined by the 
rate at which the lines of force are cut. 


If the conductor moves in direction B at the same speed, the cutting angle de- 
creases below 90 degrees. This means that the conductor must travel further be- 
tween lines of force. This results in fewer lines being cut for the same distance of 
travel. The induced voltage is less than it is at points A or E. This is also true 
when the conductor moves in direction H. 


In either direction, B or H, the cutting angle is the same and the induced voltage 
is the same. In each case, the induced current flows out of the page. The cutting 
angle is the same when the conductor moves in the direction of D or F The 
amount of induced voltage is the same in both examples. However, in direction 
D or F the induced current flows into the page. 


If the conductor moves in either direction C or G, the cutting angle is effectively 
zero. At this time, the conductor is parallel with the lines of force and no lines are 
cut. Under these conditions, no voltage is induced in the conductor and no cur- 
rent flows. 
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Remember, the amount of voltage induced into a conductor is affected by the 
following four factors: 


1. The strength of the magnetic field. 

2. The speed the conductor moves. 

3. The length of the conductor in the field. 

4. The angle at which the conductor cuts the field. 


Although these four factors effectively state the conditions which affect the volt- 
age induced into a conductor, it is possible to formulate one simple rule which 
takes all of these factors into account. This simple rule is: 


The voltage induced into a conductor is directly proportional to the 
rate at which the conductor cuts the magnetic lines of force. 


The word rate in this rule indicates the number of lines of force that are cut per 
second. The rule indicates that the induced voltage is proportional to the number 
of lines of force that are cut per second. When more lines of force are cut per 
second, the induced voltage increases. When fewer lines are cut per second, the 
voltage decreases. You can increase the number of lines of force that are cut per 
second (the rate) by increasing the strength of the field, the speed of conductor 
motion, the length of the conductor, or the cutting angle. 


A Simple AC Generator 


You can form a simple AC generator by bending a wire or conductor into the 
shape of a loop, and then mounting the loop so that it can rotate within a mag- 
netic field. When the wire loop rotates, an AC voltage is induced into the loop. 
The only other considerations are to provide a convenient means of extracting 
the AC voltage generated within the rotating loop and applying this voltage to 
the load. 
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GENERATOR CONSTRUCTION 


An AC generator is shown in Figure 1-6. It consists of a wire loop called an 
armature, which is mounted so that it rotates within a magnetic field. The mag- 
netic field exists between the north and south poles of a magnet. The magnet that 
is used for this purpose is commonly referred to as a field magnet. The field 
magnet is constructed so that it produces a strong, concentrated magnetic field 
between its poles. It can be either a permanent magnet or an electromagnet. The 
electromagnet is preferred in applications where a high field strength is required 
to produce substantial output power. 


The AC voltage that is induced into the rotating armature must be extracted at the 
ends of the wire loops which form the armature. However, the armature con- 
stantly turns, which makes it impossible to permanently attach any wires or leads 
directly to the armature. For this reason, it is necessary to use some type of slid- 
ing contact at each end of the wire loop. As you can see in Figure 1-6, two cylin- 
drical metal rings are attached to the opposite ends of the loop. These metal rings 
are called slip rings. An external circuit, or load, is connected to these slip rings 
through contacts which are held against the rings. These contacts are made from 
a soft but highly conductive material (usually carbon), and are called brushes. 
The brushes slide against the slip rings as the armature turns. The brushes serve 
as two stationary contacts to which an external load can be connected. The brushes 
are the output terminals of the generator. Simply stated, the AC output voltage is 
applied from the armature, through the brushes, to the load. 
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Figure 1-6 
A basic AC generator. 


GENERATOR OPERATION 


In order to function properly, an AC generator must operate so that its armature 
rotates at a constant speed. As the armature rotates in the magnetic field, one side 
moves down through the magnetic field while the other side moves up. Note that 
during each complete revolution of the armature, each side must move down and 
then up through the field. Furthermore, each side of the armature always remains 
in contact with its respective brush through a slip ring. Keep these considerations 
in mind, while you examine the basic action that takes place during one complete 
revolution of the armature in the following paragraphs. 


Figure 1-7 shows an armature is shown in four specific positions. These are in- 
termediate positions which occur during one complete revolution of the arma- 
ture. Note that one side of the armature and its associated slip ring and brush are 
black, while the other side is white. These two colors help you keep track of each 
side of the armature. Also, a resistive load is connected to the brushes so that a 
complete circuit is formed. The complete circuit allows current to flow through 
the armature to the load, and a voltmeter monitors the output voltage. Note that 
the voltmeter is connected across the load. 


DIRECTION OF MAGNETIC FIELD 
ROTATION 





Figure 1-7 
Generating an AC voltage. 
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Assume that the armature begins to rotate in a clockwise direction from the ini- 
tial position shown in Figure 1-7A. Note that initially the black side of the arma- 
ture is on top and the white side is on the bottom. As the armature moves from 
this starting position, the black side moves from left to right, and the white side 
moves from right to left. However, both sides move parallel to the lines of force 
(no lines are cut). When a conductor moves parallel to the field, the induced 
voltage is zero. Note that the voltmeter, which is connected to the brushes, indi- 
cates zero at this time. 


As the armature rotates from the position shown in Figure 1-7A to the position 
shown in Figure 1-7B, the black side moves down through the field while the 
white side moves up. The opposite side of the armature therefore cuts the mag- 
netic lines of force in opposite directions. The polarity of the voltage induced in 
the black side is opposite the polarity of the voltage induced into the white side. 
However, the voltages induced in each side are series-aiding and the two sides of 
the armature form a complete loop. These induced voltages are equal in value. 
Therefore, the voltage which appears at the brushes, is equal to the sum of the 
voltages induced into each side. 


The polarity of these voltages are shown in Figure 1-7B, along with the resulting 
currents. Note that series-aiding voltages produce a current that circulates through 
the armature and the load. 


As you examine Figure 1 -7B, note that the armature is horizontal. In other words, 
the black and white sides of the armature cut the magnetic lines of force at right 
angles (the fastest cutting rate), which results in the maximum induced voltage. 
At this time, the output voltage that is applied to the load is at its maximum value 
as indicated by the voltmeter. It is important to note that the output voltage does 
not suddenly jump from zero to maximum. The output voltage increases at a 
specific rate. As the armature rotates from the position shown in Figure I -7A to 
the position shown in Figure 1-7B, it cuts the magnetic lines of force at an ever 
increasing angle until maximum voltage is obtained. This causes the output volt- 
age to increase smoothly from zero to its maximum value. 


When the armature rotates from the position shown in Figure 1-7B to the posi- 
tion shown in Figure 1-7C, it cuts the magnetic lines of force at a slower and 
slower rate. When the armature reaches the position shown in Figure 1-7C, the 
opposite sides of the armature are parallel to the lines of force and no flux lines 
are cut. This means that the output voltage decreases from maximum to zero as 
the armature moves to the position shown in Figure 1-7C. The corresponding 
load current also decreases to zero as the output voltage decreases. 
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At this point, the armature has completed one-half of a revolution and produced 
an output voltage that has increased from zero to a maximum value and back to 
zero. The corresponding load current also varied in the same manner. It is impor- 
tant to note that up to this point the output voltage changed only in value and not 
in polarity. This is defined as an alternation. To be more specific, from zero to 
maximum and back to zero is described as the positive alternation of an AC 
waveform. Later, this is described as one-half of a sine wave. 


As the armature continues its rotation from the position shown in Figure 1-7C, to 
the position shown in Figure 1-7D, the opposite sides of the armature move across 
the magnetic lines of force, in opposite directions. However, the black side of the 
armature now moves up and the white side moves down. This is exactly opposite 
to the situation which occurred during the first one-half revolution. Therefore, 
the voltages that are induced into each side of the armature, have polarities which 
are opposite to those induced earlier. These induced voltages series-aid, as be- 
fore, to produce an output voltage. 


The output voltage now has a polarity that is exactly opposite to the polarity that 
was produced earlier. As the armature moves to the position shown in Figure 
1-7D, the new output voltage (of opposite polarity) increases to maximum be- 
cause the armature cuts the lines of force at the fastest rate in this position. This 
maximum voltage is indicated on the voltmeter which is connected across the 
load. The load current is also maximum at this time and flows in the direction 
shown. The amplitude or value is exactly the same as before, but the polarity of 
the voltage is opposite its initial direction. 


The armature completes a full revolution by returning to its initial position as 
shown in Figure 1-7A. As the armature continues rotating toward its initial posi- 
tion, the armature cuts the lines of force at a decreasing rate, until no lines are 
cut. This causes the induced voltage within the armature and the resultant output 
voltage to decrease to zero. The corresponding load current is also zero at this 
time. 


As you can see, one complete revolution of the armature produces a voltage (and 
corresponding load current) that changes in both magnitude and direction. There- 
fore, the output voltage and current are AC values. This discussion is not a full 
description of exactly how these AC quantities vary. You only learned what an 
AC output is and that an AC output voltage is produced by generator action. 


Look again at the generator action that was just described and consider exactly 
how an AC output voltage is generated. You will again rotate the armature one 
complete revolution (360 degrees) through the magnetic field. This time, instead 
of examining only the maximum and minimum points, you will consider the 
action that takes place at a number of intermediate armature positions. 
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Since the voltage induced in each side of the armature is series-aiding, it is nec- 
essary to observe only the voltage that is induced in one side of the armature. The 
one-half armature loop rotates through 16 different positions as depicted in Fig- 
ure 1-8. The conductor rotates through the magnetic field in a clockwise direc- 
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Figure 1-8 
Plotting the AC output voltage. 


At position A, the wire moves parallel with the lines of force and no voltage is 
induced. However, as it moves through positions B, C, D, to E, it cuts lines of 
force at a faster and faster rate. At position E, the wire moves at a right angle (90 
degrees) with respect to the field. The voltage induced into the wire is propor- 
tional to the rate at which the lines of force are cut. Since the cutting rate in- 
creases in a nonlinear manner, the voltage increases in the same way. 


This increasing nonlinear voltage is shown graphically in Figure 1-8. The volt- 
age graph was made by marking off the angular rotation of the wire (in degrees) 
along a horizontal line. This horizontal line is calibrated for one complete revo- 
lution of the wire (360 degrees). The value or amplitude of the voltage that is 
induced within the wire is plotted vertically as shown. Note that five voltage 
values have been plotted that correspond to wire positions A through E. Each 
successive value is higher and corresponds to the rate at which the magnetic lines 
of force are cut. These values are then connected to form a continuous line. The 
resulting curve shows how the induced voltage varies when the armature rotates 
one quarter of a revolution, or 90 degrees. Note that the voltage value increases 
rapidly from zero (at zero-degree rotation) and tapers off to a maximum value (at 
90 degrees of rotation). 
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As the wire continues its rotation past position E and moves through positions E 
G, H, and 1, it cuts lines of force at a slower and slower rate. This causes the 
value of the induced voltage to decrease from a maximum value (at 90 degrees) 
to a minimum value (at 180 degrees). At position 1, the wire is moving parallel to 
the magnetic flux lines. At this time, no lines are cut and the induced voltage is 
again 


The induced voltage values which correspond to wire positions F through I are 
plotted on the voltage graph as shown. Notice that these values (F through 1) are 
successively lower, with the value at I equal to zero. When you join these voltage 
values with a continuous line, you can see that the voltage decreases slowly from 
its maximum value, at a faster and faster rate, until it reaches zero. The voltage 
curve, between values E and 1, shows how the voltage varies when the armature 
rotates an additional 90 degrees, which is the second quarter of one revolution. 


At this point, the armature has rotated one half of one revolution (180 degrees) 
and has produced a voltage that varies from zero to a maximum value and back 
to zero. When the armature moves past position 1, it starts cutting flux lines. This 
time the armature loop moves in the opposite direction through the magnetic 
field. Therefore, the polarity of the voltage that is induced into the armature dur- 
ing this alternation is opposite to the polarity of the voltage that was produced 
during the first one-half revolution (positive alternation). 


As the armature moves from position I through positions J, K, L, and M, it cuts 
the lines of force at an increasing rate. The amplitude of the induced voltage is 
the same as it was when the armature moved from position A to position E. The 
only difference is that the induced voltage now has the opposite polarity. To 
prove that the polarity is opposite, you can plot the voltage values which occur at 
positions J, K, L, and M below the horizontal line as shown. This portion of the 
curve shows that the voltage varies from zero to a maximum value in the oppo- 
site direction as the armature wire rotates from the 180 degree position to the 270 
degree (position M). 


When the armature moves to positions N, O, and P, it cuts the lines of force at a 
decreasing rate. When it reaches position A (its initial starting position), it has 
completed one complete revolution (360 degrees). At this point, the armature 
again moves parallel to the lines of force and no flux lines are cut. The voltage 
drops from its maximum value back to zero, as shown. The voltage produced 
during the second half of rotation (between 180 degrees and 360 degrees), in- 
creases from zero to a maximum negative value and back to zero. 
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One complete revolution of the armature produces an AC voltage that varies in 
both amplitude and direction as shown in Figure 1-8. During one-half of the 
revolution (the positive alternation), the voltage increases from zero to maxi- 
mum and back to zero. During the next half of a revolution (the negative alterna- 
tion), the voltage increases from zero to a negative maximum and back to zero 
again. 


When this AC voltage is applied to a load, the resulting current through the load 
varies in the same manner. In other words, the current will increase and decrease 
in one direction and then increase and decrease in the opposite direction. 


One complete revolution (360 degrees) is made up of a positive (0 to 180 de- 
grees) and a negative (180 to 360 degrees) alternation. These two alternations 
comprise what is called a cycle of AC. A cycle of AC is the combined time that it 
takes to generate the positive and negative alternations. This is also defined as 
the period of an AC waveform. 


Since the armature of an AC generator rotates at a constant speed, the AC output 
voltage produced by the device continually changes in value and direction, as 
shown in Figure 1-8. Each complete revolution of the armature causes the output 
voltage to vary in the manner shown. 


The AC generator just described is the simplest device that can be used to gener- 
ate AC voltages. The AC generators used to produce electrical power for com- 
mercial applications are more complex in construction. However, all AC genera- 
tors operate with the principles just described. Practical AC generators utilize 
many loops of wire, within their armatures, to increase the induced voltage to a 
much higher value. These generators may also contain more than one pair of 
north-south magnetic poles. When more than one pair of poles are used, one 
revolution of the armature can produce more than one AC voltage variation. 


Some AC generators that are designed for low power applications can be very 
small. For example alternators that are used on most automobiles, are small AC 
generators that are only six or seven inches in diameter. These small AC genera- 
tors can produce a few hundred watts of output power. These alternators (genera- 
tors) are powered by the car’s engine and used to produce an AC voltage that is 
converted to a DC voltage. The DC voltage is then used to operate the car’s 
electrical system. The newer alternators are used in place of DC generators (which 
were once widely used) because they are more efficient and require less mainte- 
nance. The process of converting AC to DC is relatively easy and inexpensive. 
The process of converting AC to DC is called rectification and will be explained 
in detail later in this course. 
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Some AC generators are designed to produce large amounts of electrical power 
and are extremely large. For example, an AC generator that is used by an electric 
power company might be too large to fit into the living room of your house. Such 
a generator might produce as much as 1,000,000 watts of output power. This is 
enough power for an entire community. 


Figure 1-9 shows an extremely large AC generator, next to the man, that is pow- 
ered by the large turbines on the right. This generating system produces up to 
609,000 kilowatts of output power. It is just one type of AC generator that is used 
by electric power companies to generate electrical power for homes and indus- 
try. Other systems can generate as much as 1,000,000 kilowatts of power. 





Figure 1-9 
An extremely large AC generator. 


A 
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15. A voltage is induced into a wire that cuts through magnetic lines of 


force. This action is commonly referred to as electromagnetic 


. (induction) The induced voltage results because the cutting action of 


the magnetic lines of force causes the free electrons in the 
to move. 


. (conductor) The free electrons move towards one end of the conduc- 


tor which produces an excess of electrons at one end of the conductor 
and a deficiency at the other end. This excess and deficiency of elec- 
trons create a difference of potential or 


. (voltage) The polarity of the voltage induced within the moving con- 


ductor is determined by the direction of conductor motion and the 
direction of the magnetic 


. (field or lines of force) The amount of voltage induced into a conduc- 


tor is affected by the strength of the magnetic field. If the magnetic 
field becomes stronger, the induced voltage will 


. (increase) The induced voltage is also affected by the speed of con- 
ductor movement. If there is an increase in the speed of movement, 
there will also be an increase in the induced 


. (voltage) The length of the conductor within the magnetic field also 


affects the induced voltage. If the length of the conductor increases, 
the induced voltage will also 


. (increase) The induced voltage also varies with the angle at which the 


conductor cuts the magnetic lines of force. As this angle varies from 
zero to amaximum of 90°, the induced voltage increases from zero to 
its value. 
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23. (maximum) When you consider the various factors which affect the 
induced voltage, there is one simple rule takes these factors into ac- 
count. This rule states that the induced voltage is directly proportional 
to the rate at which the conductor cuts the magnetic 


. (lines of force or field) A conductor may be shaped into the form of a 
loop and rotated within a magnetic field to produce a voltage that var- 
ies in both value and direction. Such an arrangement produces a de- 
vice known as an generator. 


. (AC) The AC generator’s rotating loop is called an armature and the 
magnet that is used to provide the magnetic field for the device is 
called a field magnet. The armature must rotate constantly within the 

in order to produce an output voltage. 


. (magnetic field) Since the armature must constantly rotate, it is im- 
possible to permanently connect any wires or leads to the ends of the m 
armature loop. Therefore two metal slip rings are attached to the wire i 
ends and are aligned so that they slide against two brushes which re- 
main stationary. An external load may be connected directly to these 


. (brushes) One side of the armature loop always moves in the opposite 
direction to the other side. This means that the voltage induced into 
each side of the loop is opposite in 


. (polarity) Although they are opposite in polarity, the voltages induced 
into each side of the armature are series-aiding. This means that the 
output voltage which appears at the brushes is equal to the sum of the 
voltages induced into each side of the 


. (armature or loop) If the armature begins its rotation at a point where 
its sides are moving parallel to the magnetic lines of force and rotates 
one-half revolution so that its sides again move parallel to the lines of 
force, the armature cuts lines of force at a rate which vary from zero to l 
some maximum value and back to zero. During this one-half revolu- mm 
tion, the voltage induced into the armature varies from 
to and back to 
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30. (zero, maximum, zero) If the armature rotates another one-half revo- 
lution, it again cuts lines of force just as it did during the first one-half 
revolution. However, during this half of the revolution, the armature 
cuts across the lines of force in the opposite direction. This means that 
the induced voltage varies as it did before, but this time it has the 
opposite 


. (polarity) One complete revolution of the armature therefore produces 
an AC voltage which varies both in and 


. (value and direction) The armature within an AC generator must ro- 
tate constantly in order to produce a continuous AC output voltage. 
When a load is connected to the generator, an output load current re- 
sults. However, even when no load current is drawn from the genera- 
tor, an output AC is still produced. 


a 33. (voltage) 





THE SINUSOIDAL WAVEFORM 


In the previous section you learned how an AC voltage could be produced by a 
simple AC generator. This AC voltage was graphically plotted in Figure 1-8 so 
that you could see exactly how it varies throughout one complete revolution of 
the generator’s armature. When voltage (or current) values are plotted to form a 
continuous curve, they form a picture or pattern which is referred to as a wave- 
form. The waveform shows exactly how the voltage varies over a period of time 
as the armature rotates. You may examine the waveform to determine the exact 
value and polarity of the AC voltage at any particular instant when the armature 
is at a specific point. 


The waveform shown in Figure 1-8 varies in a unique manner and is given a 
special name. It is called a sinusoidal waveform or simply a sine wave. The sine 
wave is the most basic and widely used AC waveform. It can be produced by an 
AC generator as previously shown or it can be produced by various types of 
electronic circuits. 


The AC voltage that you use in your home to provide heat, light, and operate 
appliances, varies in a sinusoidal manner. The radio and television signals which 
carry sound and picture information are basically sine waves whose characteris- 
tics have been modified. A variety of waveforms that are more complex than the 
basic sine wave can be proven to be mathematically equivalent to combinations 
of sine waves. 
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The Basic Sine Wave 


The sine wave is referred to as a sine wave because it changes in value according 
to the trigonometric function known as sine. Sine is a trigonometric function that 
describes the relationship between the sides of a right triangle. A right triangle is 
a triangle in which one of the angles equals 90 degrees. A triangle is defined as a 
three-sided figure that contains 3 angles. The sum total of all three angles in a 
triangle is 180 degrees. 


An angle has a sine value that is equal to the ratio of the length of the opposite 
side (the side opposite the working angle) to the length of the hypotenuse (the 
side opposite the right angle). This relationship is shown in Figure 1-10. Note 
that the sine of angle A is equal to the opposite side (side Y) divided by the 
hypotenuse (side Z). Angle B has a sine value that is equal to its opposite side 
(side X) divided by the hypotenuse (side Z). Note also that the hypotenuse is 
always larger than either of the other sides. Therefore, the value of the sine varies 
from () to 1, for angles between zero and 90 degrees. 


OPPOSITE SIDE SIDE Y 
HYPOTENUSE SIDE Z 





SINE OF ANGLE A= 





A RIGHT TRIANGLE 
HAS ONE 90° ANGLE 





OPPOSITE SIDE 


Figure 1-10 
The sine function. 


The sine of angle A (or angle B) varies as the angle varies. This is because the 
length of the opposite side and the length of the hypotenuse both change as the 
angle changes. Angle A or angle B can be any value between 0 degrees and 90 
degrees. These are the extreme limits which can occur within the right triangle. 
Remember, the sum of angles A, B, and C must always equal 180 degrees. 
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As angle A (or B) varjes from a minimum of 0 degrees to a maximum of 90 
degrees, its sine value varies from zero (when side Y is infinitely small) to 1 
(when side Y and size Z are equal). The various sine values for all of the angles 
between 0 degrees and 90 degrees (in increments of 1 degree) are shown in Fig- 
ure 1-11. This table of sine values is a portion of the standard table of trigono- 
metric functions. You can find these functions in almost any textbook on trigo- 
nometry. 


Angle Sine Angle Sine Angle Sine 





Figure 1-11 
A table of sine waves for angles 
between 0° and 90°. 
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How does this apply to the voltage output from an AC generator? As you know, 
the output voltage from an AC generator varies in a sinusoidal manner. Figure 1- 
12A is a representation of the output of an AC generator 30 degrees through the 
armature’s rotation. In this illustration, the maximum output voltage for the gen- 
erator is shown as the hypotenuse of the right triangle, 100 volts. The actual 
output voltage, at any instant, is represented by the length of the side opposite the 














angle of rotation. 
‘ 1.0 100V 
0.966——96.6V 
0.866 86.6V 
0.707 70.7¥ 
0.5 —————50v 


VOLTAGE 0.259 








Figure 1-12 
The sine wave varies according to the 
sine function between 0° and 90°. 


Since the sine of any angle is the relationship of the opposite side divided by the 
hypotenuse, you can determine the output voltage of the generator, 30 degrees 
through the armature’s rotation. To do this, multiply the length of the hypotenuse 
(100 volts) by the sine of 30 degrees (.5). In this case, the output voltage of the 
generator, 30 degrees through the armature’s rotation, is 50 volts. 


eo Figure 1-12B illustrates values for a number of armature positions. Note that 

, specific voltage values are shown at 15-degree intervals, between 0 degrees and 
90 degrees, along the horizontal base line. Keep in mind that the horizontal line 
indicates the number of degrees of armature rotation. 
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The voltage is zero at the beginning of the waveform when the armature is at 0 
degrees (parallel to the field). When the armature rotates 15 degrees, the voltage 
increases to a value equal to the sine of 15 degrees (.259) times the generator’s 
maximum output voltage. Therefore, the output voltage after 15 degrees of rota- 
tion is 25.9 volts. 


The output voltage continues to rise for the first 90 degrees of rotation. The sign 
of the angles along with the voltages present at the output are shown in Figure 
1-12B. At 30 degrees, the output is 50 volts; at 45 degrees, the output is 70.7 
volts, and so on. At 90 degrees, the sine of the angle is 1 and the voltage output at 
this time is the maximum voltage output for the generator. 


When you compare the angular position of the armature with the corresponding 
output voltage, you find that the voltage increases according to the sine of the 
angle of rotation. 


Between the 90 and 180 degree points on the waveform, the voltage drops from 
its maximum value to zero. During this portion of the waveform, the voltage 
decreases in the exact opposite way that it increased. In other words, the sine is 
maximum at 90 degrees and decreases to zero at 180 degrees. Between the 180 
and 360 degree points, the voltage varies in the same way as it did between 0 
degrees and 180 degrees. The only difference is that the polarity of the voltage is 
opposite. This is why the curve extends below the horizontal line. 


The positive alternation of the waveform is from 0 to 180 degrees, while the 
negative alternation is from 180 to 360 degrees. The positive and negative alter- 
nations make up one complete sine wave. The time of one complete sine wave 
(cycle) is the waveforms period. 
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The Cycle 


Each time the armature of an AC generator rotates through one complete revolu- 
tion, it generates an output voltage that increases and decreases in value in first 
one direction and then in the opposite direction, as shown in Figure 1-13. When 
the armature rotates one complete revolution, it completes one cycle of events. 
In other words, it produces one complete change in voltage values. If the arma- 
ture rotates another 360 degrees, it simply repeats the cycle or sequence of out- 
put voltages. The output voltage produced during one complete revolution of the 
armature is therefore referred to as one cycle of output voltage as indicated in 
Figure 1-13. The armature also produces one cycle of output current when there 
is a complete circuit through which current can flow. 


jx#——- ONE CYCLE ————>| 


AN INSTANTANEOUS VALUE 
OCCURS AT A SPECIFIC 
INSTANT OF TIME 






POSITIVE 
ALTERNATION 


VOLTAGE 
o 


NEARNE TIME 
NEGATIVE 


ALTERNATION 


ja— ONE REVOLUTION ——>| 


Figure 1-13 
One revolution of the armature produces 
one cycle of output voltage. 


During the generation of one cycle of output voltage, there are two changes or 
alternations in the polarity of the voltage. In other words, the voltage has one 
polarity during the first half of the cycle and the opposite polarity during the 
second half. These equal but opposite halves of a complete cycle are referred to 
as alternations. To further distinguish one-half of the cycle (or one alternation) 
from the other, one alternation is generally called the positive alternation while 
the other alternation is called the negative alternation. These two alternations are 
identified in Figure 1-13. The terms positive and negative are used arbitrarily to 
distinguish one alternation from the other. During the positive alternation, the 
output voltage has a specific polarity, and during the negative alternation the 
polarity of the voltage is reversed. 
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The voltage sine wave in Figure 1-13 is made up of an infinite number of voltage 
values which have been plotted and joined together. At any particular point on 
the waveform, the voltage is generally referred to as an instantaneous value, a 
value that occurs at a specific instant of time. 


The instantaneous value is equal to the maximum value times the sine of the 
angle, at any instant. You may recognize this equation from the previous discus- 
sion of the sine wave. 


It takes a specific amount of time to generate the sine wave shown in Figure 
1-13. For this reason, you can think of the horizontal line on which the waveform 
is plotted as a time line, or a time base. The horizontal line may be calibrated in 
units of time or degrees of armature rotation. 


The horizontal line in Figure 1-13 also serves as a zero reference line. Any volt- 
age value that is plotted on this line has a value of zero. Assume all values above 
the line to be positive. Assume all values below the line to be negative. There- 
fore, all of the instantaneous voltage values which make up the positive alterna- 
tion have positive values, and all of the instantaneous values which form the 
negative alternation have negative values. This is indicated by the plus (+) and 
minus (—) signs on the vertical axis of the graph shown in Figure 1-13. 


The terms described in this discussion are extremely important. If you want to 
understand AC electronics, you must become familiar with them. These terms 
describe the various characteristics of one cycle of a sine wave. You must under 
stand the exact meaning of these terms, since they are used throughout your 
study of electronics. 


Note that the sine wave shown in Figure 1-13 could represent one complete cycle 
of output current as well as a cycle of output voltage. When current is repre- 
sented, the positive and negative alternations represent current that is flowing in 
first one direction and then the opposite direction. 
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34. The exact manner in which a voltage or current varies over a period of 


time can be graphically represented by plotting a large number of 
voltage or current values over a period of time to form a continuous 
curve. Such a curve serves as a picture or pattern and is called a 


. (waveform) The output voltage produced by an AC generator varies 


in value according to the trigonometric function known as the sine. 
The output voltage waveform is therefore referred to as a 
wave. 


. (sine) One half of a revolution of the generator’s armature produces a 


voltage that increases to a maximum value and then drops back to 

zero. The voltage actually rises from zero to maximum according to 

the sine function, but it decreases from maximum to zero in the exact 
manner. 


. (opposite) During the second half of the revolution, the armature pro- 


duces a voltage which again rises to maximum and drops to zero as it 
did before. However, this time the voltage has the opposite 


. (polarity) Each time the armature makes one complete revolution 


(360°), it completes one cycle of events and produces one 
of output voltage. 


. (cycle) Throughout one half of the cycle, the voltage has one polarity 
as it varies from zero to maximum and back to zero. Then during the 
other half of the cycle, the voltage has the opposite polarity as it varies 
in the same manner. Since the polarity of the voltage changes or alter- 
nates during the cycle, the two halves of the cycle are called 
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40. (alternations) One half of the AC cycle is referred to as the 
alternation. 





. (positive) The other half of the cycle is called the 
nation. 





. (negative) Any AC sine wave is assumed to be made up of an infinite 
number of values which occur at specific instants of time. The value at 
any specific instant of time is called an value. 

















. (instantaneous) The AC sine wave may be plotted above or below a 
horizontal line or axis which is calibrated in degrees of armature rota- 
tion. Because the sine wave is generated over a period of time, it is 
possible to plot its instantaneous values along a horizontal line which 
is calibrated in units of 


. (time) Any value which is plotted directly on the horizontal line has a 
value of ; 







. (zero) All of the instantaneous values plotted above the horizontal line 
are assumed to be positive values. These are the values that are used to 
form the alternation. 










. (positive) The values plotted below the horizontal line have negative 
values and are used to plot the alternation. 


47. (negative) 
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AC VALUES 


Since the value of a sine wave of voltage or current continually changes, you 
must be specific when you describe the value of the waveform. In other words, 
you cannot simply state that a voltage sine wave has a value of 100 volts. You 
must specify that this is the maximum value of the voltage waveform, or some 
value at a specific point between zero and maximum. There are several ways to 
express the value of a sine wave and you must be familiar with each of them. 


Peak Value 


Each alternation of a sine wave is made up of an infinite number of instantaneous 
values. These values are plotted at various heights above and below the horizon- 
tal line to form a continuous waveform. It is the height, amplitude, of each in- 
stantaneous value above or below the line that represents the sine wave’s actual 
value. The greater the amplitude, the higher the value. The points on the wave- 
form which have the greatest height, or distance from the horizontal line, are 
defined as peak values. 


The two peak values in one cycle of a sine wave are clearly shown in Figure 
1-14. One peak occurs during the positive alternation when the waveform reaches 
its maximum height. This point is appropriately identified as the positive peak 
value and it represents the maximum positive value that occurs during one cycle. 
The second peak value occurs during the negative alternation when the wave 
form again reaches its maximum height, but this time the peak is below the line. 
This point is referred to as the negative peak value. 


POSITIVE PEAK VALUE 


TIME 


PEAK-TO-PEAK 
VALUE 


+ 






VOLTAGE 
OR 
CURRENT 
o 


NEGATIVE PEAK VALUE 


Figure 1-14 
Peak and peak-to-peak values. 


The positive and negative peak values of a sine wave are equal in value. In other 
words, the positive and negative peaks are an equal distance from the zero refer- 
ence line and require the same amount of time to generate. For example, a volt 
age sine wave which has a positive peak value of +5 volts, has a negative peak 

value of —5 volts, and the widths of the alternations are the same. Only the polar- 
ity of the voltage is different and is indicated by the + and — signs. The same 
relationship is also true for a sine wave of current. The peak value of the current 
during the positive alternation is equal to the peak value during the negative 
alternation. The only difference is that current flows in opposite directions on the 
positive and negative alternations. 


Peak values are sometimes described by other terms which have the same mean- 
ing. For example, the peak value is sometimes called the peak amplitude or the 
maximum amplitude. Furthermore, all of these terms apply to any type of wave- 
form. These terms are not limited to the sinusoidal waveform that you are exam- 
ining at this time. 


Peak-To-Peak Value 


Sometimes it is necessary to know the total height or value of a sine wave. The 
overall value of the sine wave (from one peak to the other) is called its peak-to 
peak value. The peak-to-peak value of a sine wave is indicated in Figure 1-14. 


To determine the peak-to-peak value, you add the positive and negative peak 
values. Since two peaks are equal in value, you need to know only one peak 
value. Simply multiply the peak value by 2 to determine the peak-to-peak value. 
This relationship is shown mathematically as follows: 


peak-to-peak value = 2 x peak value 


For example, if the peak value of a voltage sine wave is 5 volts, the peak-to-peak 
value must be equal to 2 x 5 volts or 10 volts. A current sine wave with a peak 
value of 10 amperes has a peak-to-peak value that is equal to 2 x 10 amperes or 
20 amperes. In the case of voltage, the difference of potential is 10 volts and the 
peaks are labeled +5 volts and —5 volts. 


To determine peak value, when you know the peak-to-peak value, simply divide 
the peak-to-peak value by 2. For example, a sine wave with a peak-to-peak value 
of 18 volts has a peak value of 1 8V/2 or 9 volts. A current sine wave with a peak 
to-peak value of 5 amperes has a peak value of 5A/2 or 2.5 amperes. 
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It is necessary to understand the meaning and relationship of the peak and peak 
to-peak values of a voltage or current sine wave. You will need these values, 
often when you analyze the characteristics of waveforms, and when you measure 
waveforms. Various test instruments such as oscilloscopes and certain types of 
AC meters are used to directly measure the peak-to-peak value of a waveform. 


The oscilloscope is the most common instrument to measure peak-to-peak val- 
ues. The oscilloscope measures the value of the peaks, and displays them on its 
vertical axis. The vertical axis is divided into squares, each square is 1 centimeter 
wide and 1 centimeter high. Each square (CM) represents a specific amplitude. 
The oscilloscope also contains a vertical range switch (V/CM). The V/CM range 
switch changes the values of the squares on the vertical axis. The range switch 
expands or decreases the space required to display a waveform. 


The oscilloscope can display an AC waveform above and below the zero refer- 
ence line. To do this, you select AC coupling. The coupling switch can be set to 
reference AC, DC, or ground on most oscilloscopes. In the AC position, the sine 
wave is displayed with the center line on the scope as the zero reference line. The 
positive and negative alternations then appear above and below the reference. 


An oscilloscope is also capable of displaying the time of a waveform. Remember 
that the time of a waveform is defined as its period, and is the combined time of 
the positive and negative alternations. Time is displayed on the horizontal axis 
and is controlled by a TIME/CM switch. The horizontal squares are 1 square 
centimeter, and are used to expand or compact the waveform in terms of the 
space required to display the time of one cycle. The TIME/CM function provides 
a variable horizontal time base reference line. 


When you use the vertical and horizontal squares together, it is possible to mea- 
sure and observe the complete waveform and evaluate any point on the wave- 
form in terms of amplitude (value) and time. This allows you to measure a 
waveform’s period, peak, and peak-to-peak values. You can also measure the 
rate of change in amplitude as time increases. The oscilloscope allows you to see 
the actual waveform. This is especially valuable when you learn about phase and 
distortion later in your studies. At this time, you are only concerned with ampli- 
tude, time, and the rate of change. 
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Average Value 


When you examine one alternation of a voltage or current sine wave, you find 
that it increases from zero to a peak value and back to zero as shown in Figure 
1-15. The voltage or current remains at its peak value for only an instant. Except 
for this one instant of time, the voltage or current is always lower than its peak 
value. Since the voltage or current remains at the peak value for only an instant, 
the average voltage for the entire alternation must be less than the peak value. To 
determine this average voltage, take a large number of the instantaneous values, 
which occur during one alternation, and compute their average value. You can 
also use integral calculus to calculate the average. Integral calculus is the branch 
of mathematics that is used to find volumes, areas, and equations of curves. In 
either case, you will find that the average value of one alternation is approxi- 
mately equal to 0.636 of its maximum or peak value. The relationship between 
peak and average is shown in Figure 1-15 and is expressed by the following 
equation: 


average value = 0.636 x peak value 


For example, a voltage sine wave which has a peak value of 100 volts has an 
average value of 0.636 x 100 V or 63.6 volts. This equation determines the aver- ~ 
age value of either a voltage or current sine wave. For example, a current sine 

wave with a peak value of 1() amperes has an average value of 0.636 x 10 A or 

6.36 amperes. 







PEAK VALUE 
“nh ot _—— EFFECTIVE VALUE = 0.707 x PEAK 
, “=> AVERAGE VALUE = 0.636 x PEAK 


VOLTAGE 
OR 
CURRENT 


TIME 


Figure 1-15 
Average and effective values. 


You can also transpose the above equation so to determine the peak value, when 
you know the average value. In this case, the equation becomes: 


average value 


peak value = 5 636 


~ 


Suppose the average value of a voltage sine wave is 50 volts. Its peak value is 
50 V/0.636 or 78.6 volts. A current sine wave, with an average value of 1 ampere, 
has a peak value of 1 A/0.636 or 1.57 amperes. 


It is important to note that you have considered the average value of only one 
alternation or one-half cycle; you must add the average value of one alternation 
to the average value of the other alternation. Since each alternation has the same 
average value (0.636 x peak value) and because one value is positive when the 
other is negative, you can see that the two averages cancel. Therefore, the aver- 
age value of a sine wave is zero. 


Whenever the average value of a sine wave is described, it is common practice to 
assume that the description concerns only one of the alternations. The true aver- 
age of a sine wave (zero) is most commonly referred to as the sine wave’s refer- 
ence line. 


Average values are not used extensively when you deal with voltage and current 
sine waves, but they do have certain special applications. As you proceed with 
your study of AC Electronics, you will find it beneficial to know how to deter- 
mine these average values. 


Effective Value 


When direct current (DC) flows through a resistor, a certain amount of power is 
dissipated by the resistor in the form of heat. A certain amount of heat is also 
produced if an alternating current flows through the same resistance. However, 
the heat produced by an alternating current, with a peak value of 1 ampere, is not 
as great as the heat produced by a DC current of 1 ampere. The alternating cur- 
rent produces less heat because it stays at its peak value of 1 ampere for only a 
short period of time. Therefore, you must use an alternating current with a peak 
value higher than 1 ampere to produce the same amount of heat that is produced 
by 1 ampere of direct current. 


The AC current that produces the same amount of heat in a specified resistance 
as a DC current that has a value of 1 ampere has an effective value of 1 ampere. 
In other words, a DC current of 1 ampere is equivalent to an AC current which 
has an effective value of 1 ampere, as far as their ability to produce heat is con- 
cerned. For this reason, the AC current must have a peak value higher than 1 
ampere, in order to be equivalent to the DC current. 


You can determine the effective value of a sine wave of current with a math- 
ematical process known as the root-mean-square or rms value. The rms method 
is lengthy and will not be examined at this time. However, you can use this pro- 
cess to show that the effective value of a sine wave of current is equal to 0.707 
times its peak value. The relationship between peak and effective values of a sine 
wave is shown in Figure 1-15. The same relationship is shown in the following 
equation: 


effective value = 0.707 x peak value 


Alternating Current 
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For example, a current sine wave with a peak value of 10 amperes has an effec- 
tive value of 0.707 x 10 A or 7.07 amperes. This AC current, which has a peak 
value of 10 amperes, produces the same heating effect as a direct current of 7.07 
amperes. 


Since an AC current is produced by an AC voltage, you may express the AC 
voltage in terms of its effective value. You can use the equation (0.707 x peak 
value) to determine the effective value of a voltage sine wave. For example, a 
voltage sine wave with a peak value of 40 volts has an effective value of 0.707 
equation (0.707 x peak value) 40 V or 28.28 volts. 


Most AC voltmeters like the one shown in Figure 1-16 are calibrated to measure 
effective (rms) values. They measure only one alternation’s effective voltage. 
The AC voltmeter shown is a special type meter that is used to monitor line 
voltage. This AC voltmeter is used to continuously monitor the 120-volt AC 
voltage that is present in most homes. It is calibrated to read the effective or rms 
value of an AC sine wave. It can be plugged into any convenient electrical outlet. 
Note that there are no meter leads. It is a special purpose meter and has very 
limited uses. The peak-to-peak AC voltmeter is also considered to be a special 
purpose voltmeter. The more common voltmeters are used to measure effective 
voltage. They have test leads so that the difference of potential between two 
points can be measured. The more common AC meters are multi-function meters. 
That means that they have selectable ranges and functions, such as measuring 
voltage, current, and resistance that have a variety of values. This type of meter 
can be either a VOM or an electronic type. 


UNE VOLTAGE 


MONITOR 





Figure 1-16 
An AC voltmeter to measure the 
120-volt AC voltage in the home. 
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You can use the following equation to determine the peak value of a sine wave 
when you know effective value: 


peak value = 1.414 x effective value 


The number (1.414) is the reciprocal of 0.707, and 0.707 is the number you use 
to change peak values to effective (rms) values. 


You can use this equation to determine the peak value of either a current sine 
wave or a voltage sine wave. For example, a current sine wave with an effective 
value of 7 amperes has a peak value of 1.414 x 7 A or approximately 10 amperes. 
A voltage sine wave with an effective value of 30 volts has a peak value of 1.414 
x 30 V or 42.4 volts. 


You will use effective (or rms) values extensively when you work with AC sine 
waves. It is important that you understand the relationship between effective and 
peak values of a sine wave. In most cases, when an AC voltage or current is 
specified, it is the effective value that is specified. In fact, effective values are 
used so extensively that they are often not specifically identified. For example, it 
is common practice to express an effective voltage value of 100 volts as simply 
100 volts AC or an effective current value of 10 amperes as simply 10 amperes 
AC. When the alternating current or voltage value is specified, but not specifi- 
cally identified, the effective value is usually implied. For example, the 120-volt 
AC electrical power that is used in your home has an effective value of 120 volts, 
and its peak value is approximately 170 volts. 


Most AC voltmeters and ammeters are calibrated to read effective (rms) values. 
The ability to accurately measure these effective values is very important, since 
the effective values are most often used in AC calculations. 
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Period 


When you analyze an AC sine wave, it is often necessary to know exactly how 
much time is required to generate one complete cycle. The time required to pro- 
duce one complete cycle is called the period of the waveform. The period of a 
sine wave is shown in Figure 1-17. The period is usually measured in seconds 
although other units of time can be used. Furthermore, the period is often repre- 
sented by the letter T as shown. 






+ 


TIME 


VOLTAGE 
OR 
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Figure 1-17 
The period of a sine wave. 


If a generator produces 1 cycle of output voltage in 1 second, the output sine 
wave has a period of 1 second. However, if 4 cycles are produced in 1 second, the 
output sine wave has a period of 1/4 of a second (T = 0.25 seconds). Remember, 
that the period is the time of one cycle, and not the total time required to generate 
a given number of cycles. 


Time of a cycle is also expressed in angular notation. Remember that an arma- 
ture rotates through 360 degrees to produce a complete sine wave. It started at 
zero and increased to maximum at 90 degrees. This portion of one revolution is 
equal to 1/4 of one revolution. From maximum back to zero completes one alter- 
nation which is 1/2 of one cycle, while the other 1/2 cycle is the other alternation. 


Angular motion is measured in radians. A radian is equal to approximately 57.3 
(57.295317254) degrees, and a circle (360 degrees) contains exactly 2 7 radians. 
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Since Pi (7) is a constant that is used in electronic calculations and is equal to 
3.141618, 


2r radians = 360 
(2) (3.141618) (57.295317254) = 360 


For your purposes, you can round off to 3.14. Then, (2) (3.14) (57.3) = 359.844. 
As you can see, it is not exactly equal to 360. However, both pi and radians have 
been rounded off. 


Now that you have some of the basics for angular measurements, you can learn 
about angular velocity. In AC, the term most often used for rate of change is 
frequency. 


Frequency 


It is often necessary to know how rapidly an AC waveform changes in value. In 
other words, it may be important to know how many cycles of the waveform 
occur in a given period of time. The number of cycles that occur in a specified 
period of time is called the frequency of the waveform. 


Each time the armature of the simple AC generator completes one revolution, 
one cycle is produced. This means that the frequency of an AC waveform is 
determined by the speed at which the armature rotates. As the speed of rotation 
increases, more cycles are generated for each unit of time. Therefore, the fre- 
quency increases. 


The frequency of an AC sine wave is usually expressed in terms of the number of 
cycles generated per second. For example, an armature that rotates 1 complete 
revolution each second produces 1 cycle of AC each second. The AC voltage has 
a frequency of 1 cycle per second. 


Although the frequency is the number of cycles produced each second, it is ex- 
pressed in hertz (abbreviated Hz). A generator which produces an AC voltage 
that completes 1 cycle per second, operates at a frequency of 1 hertz. The term 
hertz is simply used in place of cycles per second. 


If the AC generator produces 30 cycles of AC output voltage each second, it 
operates at a frequency of 30 hertz or 30 Hz. Likewise, an output of 60 cycles 
each second is expressed as 60 hertz or 60 Hz. 
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There is a definite relationship between the frequency and the period of a sine 
wave. When the period of a sine wave is equal to 1 second, the frequency is equal 
to 1 hertz as shown in Figure 1-18. If the period decreases to 0.5 seconds or one- 
half of its original value, the frequency doubles or increases to 2 hertz. This is 
because exactly twice as many cycles occur each second. Likewise, if the period 
doubles, the frequency is cut in half. 


Frequency is the reciprocal of time. The following equation shows this relation- 
ship: 


== 


This equation simply states that frequency, represented by the letter f, is equal to 
1 divided by the period, T. Furthermore, if the period is expressed in seconds, the 
frequency is in hertz. For example, when the period of a sine wave is equal to 
0.05 seconds, the frequency of the waveform is equal to: 


eed fis 
f =505 = 20 hertz 


A period of 0.05 seconds therefore corresponds to a frequency of 20 hertz. How- 
ever, if the period is cut in half or reduced to 0.025 seconds, the frequency is: 


eee 
f= 995 = 40 hertz 


In other words, the frequency increases to 40 hertz or doubles. The equation 
shows that f and T are inversely proportional. When one increases, the other 
decreases proportionally. 


To determine T when you know f, transpose the equation like this: 
=1 
T= 


The equation states that T is equal to 1 divided by f. If f is expressed in hertz, the 
value of T is in seconds. For example, when f is equal to 100 hertz, T is deter- 
mined as follows: 


T= or 0.01 seconds 


ske 
100 Hz 


The period (T) is equal to 0.01 seconds or 10 ms. 
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Frequencies that range from just a few hertz to many millions of hertz are widely 
used in the electronics industry. For example, the 120-volt AC electrical power 
used in your home has a frequency of 60 hertz. This 60 hertz power operates your 
lights and appliances and it may even provide heat. Many electronic applications 
require much higher frequencies. This is because high frequencies are needed to 
carry information or intelligence. The higher frequencies are easier to convert 
into electromagnetic (radio) waves. The higher frequencies can be transmitted 
more easily over long distances. 


You cannot produce these higher frequencies with mechanical AC generators. 
Mechanical generators cannot rotate at the very high speeds required to produce 
frequencies such as 10 kHz. To produce a frequency of 10 kHz requires a wave- 
form with a period of 1 divided by 10,000. The generator would have to turn at 
the rate of 600,000 revolutions per minute (RPM). Therefore, electronic genera- 
tors are used to produce the required high frequencies which are necessary. Elec- 
tronic circuits do not require moving parts and are capable of easily producing 
frequencies many times greater than 10 kHz. 


When you work with frequencies that extend up to many millions of hertz, you 
must work with very large numbers. However, you can use various metric pre- 
fixes and positional notation (powers of ten) to reduce these large numbers to a 
manageable size. The metric prefixes most commonly used for this purpose are 
shown in Table 1-1. 






Table 1-1 
a of Ten 
mega | m [roon 
ase | o fionw ar) 
mm | m fora 
pico | P |000,000,000,001 (108) 
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Negative prefixes are included in the table because they are commonly used in 
electronics. However, the negative prefixes are not used to represent frequency. 
Remember, time and frequency are closely related. 


You can place a prefix before a word to change its meaning. For example, the 
prefix kilo means 1,000 and when you place it before the word hertz, you obtain 
the word kilohertz which means 1,000 hertz. Generally you express 1,000 hertz 
as simply 1 kilohertz or you use the symbol k to represent kilo and the symbol Hz 
to represent hertz and express the quantity as 1 kHz. In a similar manner, you use 
mega (M) to represent 1,000,000. Therefore, you can express 1,000,000 hertz as 
1 megahertz or 1 MHz. The prefix giga (G) represents 1,000,000,000. Therefore, 
you can express 1,000,000,000 hertz as 1 gigahertz or 1 GHz. Also, a frequency 
of 10,000 hertz could be expressed as 10 kilohertz, or a frequency of 1,000,000,000 
hertz could be expressed as 1,000 megahertz. 


The frequencies that are most commonly used in electronic applications are shown 
in Figure 1-19. As shown in this Figure, the frequencies between 15 hertz and 
300 GHz (300,000,000,000 hertz) are most widely used. The frequencies be- 
tween 15 hertz and 20 kHz (20,000 hertz) are referred to as audio frequencies 
(AF) as shown. The AC current that has a frequency in this range produces an 
audible tone to which the human ear responds. In many cases, the AC current 
must be applied to a device, such as a speaker, which converts the AC waveform 
into sound waves that can be detected by the human ear. 


The frequencies between 3 kHz (3,000 hertz) and 300 GHz are referred to as 
radio frequencies (RF) since they are used extensively in radio communications. 
This band of frequencies is further divided into eight smaller bands. The band 
with the lowest frequencies is called the very low frequency (VLF) band and 
each higher band is appropriately named. The highest band is called the extremely 
high frequency (EHF) band. Frequencies within the various RF bands are widely 
used to transmit information or intelligence from one location to another. Once 
these frequencies are produced, in the form of electrical currents and voltages, 
they are converted to radio waves which are suitable for transmission through 
space. 


The frequencies within the eight RF bands are further divided into smaller bands 
which are allocated for specific applications. As shown in Figure 1-19, a small 
band of frequencies within the medium frequency (MF) band is identified as the 
standard broadcast band. This band of frequencies is used by commercial AM 
radio stations. Also note, that the television channels (2 through 6 and 7 through 
13) and the FM band (used by FM radio stations) are within the very-high fre- 
quency (VHF) band. The higher television channels (14 through 83) are trans- 
mitted at higher frequencies which fall within the ultra-high frequency (UHF) 
band. These various frequency assignments (as well as others which have not 
been discussed) are controlled by an agency of the U.S. Government known as 
the Federal Communications Commission (FCC). 
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It is possible to produce frequencies which are higher or lower than those shown 
in Figure 1-19. However, above the upper RF limit (300 GHz), the characteris- 
tics of AC signals change considerably and they are no longer suitable for trans- 
mission through a wire or in the form of radio waves. Above this upper limit are 
other forms of electrical energy such as light waves, x-rays, and cosmic rays. 
Scientists assume that these various forms of energy occur as specified frequen- 
cies, even though they have many additional characteristics which cannot be 
explained by conventional electronic theory. 
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Figure 1-19 
The frequencies used in electronic 
applications. 
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48. The points on an AC waveform that have the greatest height or ampli- 
tude, are referred to as values. 


. (peak) The highest points that occur on the positive and negative alter- 
nations of an AC sine wave are respectively referred to as the 
peak value and the peak value. 


. (positive, negative) The positive and negative peak values of a sine 
wave are equal. When you add together these positive and negative 
peak values, you obtain the -to- value of the 
waveform. 


. (peak-to-peak) However, you can also determine the peak-to-peak value 
by multiplying the value by 2. 


(peak) Since a voltage or current sine wave remains at a peak value for 

only an instant during an alternation, the average value of the alterna- 

tion is lower than its peak value. The average value of one alternation 

is equal to 0.636 times its peak value. This means that a voltage sine 

wave with a peak value of 25 volts has an average value of 
volts. 


. (15.9) To determine the average value of one complete cycle of a sine 
wave, you add the average value of the positive alternation to the av- 
erage value of the negative alternation. Since these values are equal 
but opposite in polarity, the average value of one cycle is 


. (zero) An alternating current that produces the same amount of heat in 
a given resistance as a direct current of 1 ampere, has an effective 
value of 1 ampere. The effective value of a voltage or current sine 
wave is equal to 0.707 times its peak value. This means that a current 
sine wave with a peak value of 3 amperes has an effective value of 

amperes. 





. (2.12) Effective values are used more extensively than average values 
when you perform various AC calculations. Also, most voltmeters and 
ammeters are calibrated to read values. 


. (effective) When an alternating current or voltage is specified but not 
specifically identified (such as 28 volts AC), the value 
is usually implied. 


. (effective) The amount of time that is required to generate one com- 
plete cycle of a sine wave is referred to as the period of the waveform. 
Therefore, if 2 cycles of a sine wave are produced in 10 seconds, the 
period of the sine wave is seconds. 


. (5) The number of cycles that occur in a given period of time is called 
the frequency of the waveform. Frequency is expressed in terms of the 
number of cycles generated per second, but the term hertz (Hz) is used 
in place of the term cycles-per-second. Therefore a generator which 
produces 10 cycles of AC voltage per second operates at a frequency 
of 10 


. (hertz) The relationship between the frequency (f) and the period (T) 
of a waveform is expressed in the following equation: 


f= 


L 
T 


If T is expressed in seconds, the value of f is in hertz. Therefore, if T 
equals 0.001 seconds, f must be equal to hertz. 


. (1000) When you transpose the previous equation, you find that T 
equals 1/f. Therefore if f equals 500 hertz, T must be equal to 
seconds. 


. (0.002) A wide range of frequencies is used in electronic applications. 
In general, those frequencies are classified as either audio frequencies 


(AF) or frequencies (RF). 
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NONSINUSOIDAL WAVEFORMS 


Although the sine wave is the most basic and widely used AC waveform, it is not 
the only type of waveform that is used in electronics. In fact, many different 
types of AC waveforms are used which may have very simple or extremely com- 
plex shapes. 


You will now briefly examine some of the more common AC waveforms that are 
used in electronic equipment, for a variety of applications. These nonsinusoidal 
AC waveforms cannot be produced by the mechanically operated AC generators 
previously discussed. Nonsinusoidal waveforms are generated by electronic cir- 
cuits that use a variety of semiconductor devices such as diodes and transistors. 
The actual semiconductor devices will be explained later in your studies of elec- 
tronics. They were mentioned only to provide you with a prospective of how AC 
waveforms are used in the field of electronics. In this section, you are concerned 
with the actual types of waveforms, and how they relate to the sine wave. 


The Square Wave 


Figure 1-20 shows four different types of nonsinusoidal waveforms which repre- ” 
sent either current or voltage. In each case, only one cycle of the waveform is 
shown. The waveform shown in Figure 1-20A is commonly referred to as a square 
wave because its positive and negative alternations are square in shape. The square 
shape of each alternation indicates that the voltage, or current, immediately in- 
creases to its maximum or peak value, at one polarity and remains there through- 
out that alternation. Then the voltage waveform immediately changes its polar- 
ity, or the current waveform reverses its direction. Note that the waveform jumps 
to a peak value almost instantly, and remains there for the duration of the second 
alternation. When a continuous train of these square waves is produced, the volt- 
age or current simply continues to fluctuate back and forth between its peak 
values. 


teirt 


Figure 1-20 
Nonsinusoidal waveforms. 
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Not all square waves are symmetrical, as shown in Figure 1-20A. In some cases, 
the positive half may be wider or narrower (longer or shorter time duration) than 
the negative half. Also, some square waves may have a positive peak value that 
is higher or lower (amplitude variations), than its negative peak value. 


Although electrical power can be generated as square waves, square waves are 
more useful as an electronic signal. Square waves are used to represent elec- 
tronic data because you can easily vary its characteristics. 


The Triangular Wave 


The waveform shown in Figure 1-20B is called a triangular wave because its 
positive and negative alternations are triangular in shape. Note that during the 
positive alternation the waveform rises at a linear rate from zero to a peak value 
and then decreases linearly back to zero. Then, on the negative alternation its 
polarity, or direction, reverses. 


Triangular waves may have peak values that are higher or lower than those shown 
in Figure 1-20B. In other words, the positive and negative alternations may not 

a always form a perfect triangle which has three equal sides. Triangular waves are 
used as electronic signals and are seldom used to provide electrical power. 


The Sawtooth Wave 


The waveform shown in Figure 1-20C is called a sawtooth wave. Sawtooth waves 
are similar to the triangular waves, but there are important differences. Sawtooth 
waves are formed when a voltage or current increases from zero to its positive 
peak value at a linear rate, then rapidly changes to its negative peak value, and 
then decreases back to zero at a linear rate. This sequence of events represents 
one complete cycle of the waveform. When a number of cycles are graphically 
plotted, the waveform has a sawtooth appearance. A sawtooth waveform has a 
shape that has some of the characteristics of both the square wave and the tri- 
angle waveform. 


Sawtooth waveforms may vary slightly from the shape shown in Figure 
1-20C. For example, the change from the positive peak value to the negative 
peak value may not occur almost instantaneously as shown. The change may 
require a small, but discernible, amount of time. Thus, the waveform appears to 
more closely resemble a triangular waveform than a square wave. 
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Fluctuating DC Waves 


There are many instances when an electronic signal does not change direction. 
Instead, the signal varies or fluctuates at a specific rate. These waveforms cannot 
be truly defined as AC waveforms, but they still behave as if they were signals. 
For example, the waveform in Figure 1-20D actually represents a DC voltage or 
current which fluctuates in value in the same manner as a sine wave. The DC 
voltage fluctuates or rides above the horizontal line which serves as a time base 
and a zero reference line. This fluctuating DC waveform can produce the same 
effect as an AC sine wave in certain applications. Such a waveform might appear 
at an intermediate point within an electronic circuit, but it may be converted into 
a true AC signal before it reaches the output of the circuit. 


The waveforms shown in Figure 1-20A, B, and C might also appear as fluctuat- 
ing DC voltages within the circuits that generate them, and then converted toAC. 
In many applications, either an AC or a fluctuating DC signal can be used to 
perform a specific function. This is true, when the manner in which they change 
is more important than their specific voltage or current values. 


The function generator shown in Figure 1-21 produces AC sine waves, square „s 
waves, and triangular waves over a frequency range of 0.1 hertz to 1 megahertz. 

The waveforms produced by this instrument are used to test the operation and 
calibration of electronic circuits and electronic equipment. 





Figure 1-21 
A typical function generator. 
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63. Various types of nonsinusoidal AC waveforms are used in electronic 
applications. These waveforms are produced by electronic circuits, 
not by AC 





. (generators) One type of AC waveform has positive and negative al- 
ternations which are square in shape and is therefore called a 
wave. 


. (square) When the positive and negative alternations have the shape 
of a triangle, the waveform is called a wave. 







. (triangular) Another waveform which increases in value at a linear 
rate and then suddenly jumps from its positive peak value to its nega- 
tive peak value and then decreases to zero at a linear rate, is called a 
wave. 








. (sawtooth) A waveform which varies in value, but not in polarity or 
direction, is referred to as a DC waveform. 







. (fluctuating) Fluctuating DC waveforms behave as if they were 
waveforms, and in many cases can perform the same ba- 
sic functions. 





. (AC) Although an electronic circuit may produce an output AC wave- 
form, at various points within the circuit the waveform may actually 
bea DC waveform. 


70. (fluctuating) 
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SUMMARY 


Unlike direct current (DC), which flows in only one direction and has a steady 
value, an alternating current (AC) flows in one direction and then the other. Fur- 
thermore, the value or magnitude of an alternating current usually varies as it 
flows in each direction. 


Alternating current is used more extensively than direct current because it is 
more versatile. Alternating current may be used as a source of electrical power or 
energy, or it can be used to carry information or intelligence and thus serve as an 
electronic signal. 


The electrical power that is produced for homes is actually alternating current. 
This AC power is produced by large AC generators at the power plant and dis- 
tributed through a network of transmission lines to various homes and industries. 


Alternating current is used instead of direct current in applications where large 
amounts of electrical power are required because it is easier and cheaper to pro- 
duce. Furthermore an AC voltage can be converted to a higher or lower voltage 
very easily. AC may also be easily converted into DC. 


An alternating current may be used as an electronic signal to carry information 
from one point to another because you can vary its characteristics in a desired 
manner. The AC signal may be carried by wires or transmission lines, or it may 
be converted to electromagnetic waves which can be transmitted through space. 


An AC generator is able to produce an alternating current because it uses a pro- 
cess known as electromagnetic induction. Electromagnetic induction is simply a 
process which induces a voltage into a conductor. The induced voltage appears 
when the conductor moves through a magnetic field. 


The voltage that is induced within a conductor is affected by the strength of the 
magnetic field, the speed of conductor movement, the length of the conductor in 
the field, and angle at which the conductor cuts the field. When you consider all 
of these factors, you can form one simple rule which states that the voltage in- 
duced into a conductor is directly proportional to the rate at which the conductor 
cuts the magnetic field. 


The direction of conductor motion and the direction of the magnetic field deter- 
mine the polarity of the induced voltage. 


You can form a simple AC generator by bending a wire into a loop (called an 
armature) and rotating the armature within a magnetic field. Slip rings and brushes 
allow you to extract the AC voltage that is induced into the armature. 


Alternating Current 1 -59 


The AC output voltage that is produced by an AC generator varies from zero to 
maximum and back to zero again as the armature completes one-half of a revolu- 
tion. Then, during the next one-half revolution, the voltage varies in the same 
manner but its polarity is opposite. One complete revolution of the armature 
produces an AC voltage that changes in value and polarity. If you connect a load 
resistance to the generator, the AC output voltage causes a corresponding AC 
current to flow through the load. 


When you graphically plot the output voltage values with respect to armature 
position or time, you form a curve which shows how the AC voltage varies. Such 
a curve is called a waveform. 


The AC voltage that is produced by the simple generator varies from zero to its 
maximum value according to the sine function, and then decreases to zero in the 
exact opposite manner. The AC voltage changes in this manner in each direction. 
For this reason, the AC voltage varies in a sinusoidal manner. When you graphi- 
cally plot this AC waveform, it is called a sinusoidal waveform or simply a sine 
wave. 


One complete revolution of the armature produces one cycle of output voltage. 
One cycle is further divided into two alternations. One alternation is called the 
positive alternation and corresponds to the first one-half revolution of the arma- 
ture. The other alternation is called the negative alternation and corresponds to 
the second one-half revolution of the armature. 


The maximum value that is reached during each alternation is called a peak value. 
The total value of a waveform, between its peak values, is called its peak-to-peak 
value. 


The average value of one alternation is equal to 0.636 times the peak value. 
However, the average value of one complete cycle is zero. 


The effective value of an AC sine wave is equal to 0.707 times its peak value. A 
current sine wave with an effective value of 1 ampere produces the same amount 
of heat in a given resistance as a direct current of 1 ampere. The effective value is 
also called the root-mean-square or rms value. 


The period of a sine wave is the time required to produce one complete cycle. 
The number of cycles that occur in a specified period of time is called the fre- 
quency. The period is usually measured in seconds and the frequency is mea- 
sured in hertz (cycles per second). 


A variety of nonsinusoidal waveforms are also used in electronic applications. 
These waveforms are usually named for their shape. Such waveforms include 
the square wave, triangular wave, and sawtooth wave. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understand- 
ing of the material presented in this unit. Place a check beside the multiple choice 
answer (A, B, C, or D) that you feel is most correct. After you complete the 
examination, compare your answers to the correct ones that appear in the Exami- 
nation Answer Sheet which follows. 


1. Alternating current changes in: 


direction only. 

value only. 

both value and direction. 

frequency and value but not direction. 


GOW > 


2. Alternating current is used as: 


A. a source of electrical power and as a means of carrying information or 
intelligence. 

B. a source of power only. 

C. ameans of carrying information only. 

D. anAC signal only. 


3. | Adevice which utilizes electromagnetic induction to producing an AC volt- 


age is called: 

A. an oscillator. 

B. an induction motor. 
C. a battery. 

D. anAC generator. 


4. In order for electromagnetic induction to occur, a conductor must: 


be held stationary in a magnetic field. 

cut across magnetic lines of force. 

move parallel with the lines of force. 

move so that no lines of force touch its surface. 


Dap 


5. The essential elements which are needed to form a basic AC generator are: 


slip-rings, brushes, and a magnetic field. 

an armature, slip-rings, and brushes. 

slip-rings and brushes. 

an armature, slip-rings, brushes, and a magnetic field. 


DAW Pp 
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10. 


When you graphically represent the AC voltage that is produced by an AC 
generator, you will produce a pattern or waveform which is commonly re- 
ferred to as a: 


A. sawtooth wave. 
B. triangular wave. 
C. sine wave. 

D. square wave. 


One cycle of an AC sine wave contains: 


A. _ two positive alternations and one negative alternation. 
B. two negative alternations. 

C. only one alternation. 

D. one positive alternation and one negative alternation. 


The maximum value which occurs during an alternation of a sine wave is 
called the: 


A. peak point. 

B. peak value. 

C. peak-to-peak value. 

D. positive peak-to-peak value. 


A voltage sine wave with a peak value of 200 volts has an average value of: 


A. 314.5 volts. 


B. 282.8 volts. 
C. 127.2 volts. 
D. 141.4 volts. 


A current sine wave with a peak value of 16 amperes has an effective value 
of: 


10.18 amperes. 
11.3 amperes. 

22.63 amperes. 
25.16 amperes. 


DOW p> 


11. 


12. 


13. 


14. 


15. 
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A voltage sine wave that has an effective value of 300 volts has a peak-to- 


peak value of: 

A. 471.7 volts. 
B. 943.4 volts. 
C. 424.2 volts. 
D. 848.4 volts. 


If 20 cycles of a sine wave are generated in 100 seconds, the sine wave has 


a period of: 

A. 5 seconds. 
B. 10 seconds. 
C. 20 seconds. 
D. 1 second. 


A sine wave with a period of 0.0125 seconds has a frequency of: 


A. 20 hertz. 
B. 160 hertz. 
C. 40 hertz. 
D. 80 hertz. 


The AC waveform that is most widely used is the: 


A. square wave. 

B. triangular wave. 
C. sawtooth wave. 
D. sine wave. 


Most AC voltmeters and ammeters are calibrated to measure: 


A. rms values. 

B. average values. 

C. peak values. 

D. peak-to-peak values. 
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EXAMINATION ANSWERS 


1. C — Alternating current varies from zero to a maximum value and back to 
zero in one direction, and then varies in the same manner in the oppo- 
site direction. 


2. A —Large amounts of AC power are easy to produce, and AC can be used 
to carry information, and therefore serve as an electronic signal. 


3. D — AC generators may be very small or extremely large and can be used 
to generate relatively low or very high AC voltages and currents. 


4. B —There must be relative motion between a conductor and a magnetic 
field and the conductor must actually cut across the lines of force. 


5. D—An armature must be rotated within the magnetic field and the volt- 
age that is induced into the armature is extracted with slip-rings and 
brushes. 


6. C —TheAC voltage varies according to the sine function which produces 
a sinusoidal waveform or sine wave. 


7. D — The two halves of a cycle are identified as the positive and negative 
alternations. 


8. B — One cycle of a sine wave has two alternations and two peak values 
which are referred to as the positive peak value and the negative peak 
value. 


9. C — The average value is equal to 0.636 times the peak value or 0.636 x 
200 = 127.2 volts. 


10. B — The effective value is equal to 0.707 times the peak value or 0.707 xx 
16 = 11.3 amperes. 


11. D— The peak value of the sine wave is equal to 1.414 x 300 or 424.2 
volts. Therefore, the peak-to-peak value would be equal to 2 x 424.2 
or 848.4 volts. 


12. A — The period is the time required to produce one cycle. Therefore, the 
period is equal to 100/20 or 5 seconds. In other words, it takes 5 sec- 
onds to generate each cycle. 
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13. D — Frequency is the number of cycles generated per second. The fre- 
quency in hertz (1 hertz equals 1 cycle per second) is equal to 1 di- 
vided by the period (which is measured in seconds). The frequency, 
therefore, is equal to 1/0.0125 or 80 hertz. 


14. D — The sine wave is the most basic and widely used waveform. 


15. A — Most AC voltmeters and ammeters measure rms or effective values. 
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INTRODUCTION 


If you plan to operate, repair, or design electronic equipment, you must under- 
stand how to use electronic test instruments, and to some extent how they were 
created. By this time, you are already familiar with the operation of DC voltme- 
ters, ammeters, and ohmmeters. However, there are a number of test instruments 
that are designed specifically for AC measurements. 


In this unit, you will study a variety of test equipment. You will learn how the 
equipment operates and how to use it. Since it is necessary that you understand 
current and voltage relationships in AC electronics, you will also examine these 
relationships in AC resistive circuits. In addition, you will perform experiments 
that are designed to demonstrate what you have learned. 
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UNIT OBJECTIVES 


When you complete this unit, you will be able to: 


1. 


2. 


10. 


Define Lissajous pattern, CRT, graticule, and in-phase. 
Explain the operation of the basic rectifier-type, moving-coil meter. 


State how to increase either the current or voltage range of a meter move- 
ment. 


Explain the operation of a thermocouple meter. 


State the proper way to use a clamp-on meter and its principles of opera- 
tion. 


Explain the operating principles of a wattmeter and state how and why it is 
used. 


Explain the advantages of an oscilloscope when compared to an AC volt- 
meter. 


Explain how the oscilloscope is used to measure a waveform’s pulse width, 
period, amplitude, rate of change, and phase relationships. 


Analyze both series and parallel resistive AC circuits and determine their 
current and voltage values. 


State the phase relationship between current and voltage in a resistive cir- 
cuit. 
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UNIT ACTIVITY GUIDE 


Completion 
Time 


Read “AC Meters.” 

Complete Programmed Review Frames 1-23. 
Read “Oscilloscopes.” 

Complete Review Frames 24-37. 

Read “Resistance in AC Circuits.” 

Complete Programmed Review Frames 38-49. 
Perform Experiment 1. 

Perform Experiment 2. 

Study the “Summary.” 


Complete the Unit Examination. 


| yO ee g0 


Check the Examination Answers. 
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AC METERS 


A variety of AC meters are used to measure alternating current and voltage val- 
ues. Most of these meters are electromechanical devices which depend upon in- 
duced magnetism for operation. You will now examine some of the most com- 
monly used AC meters to see how they operate, and how you should use them. 


Rectifier-Type, Moving-Coil Meters 


One popular type of AC meter consists of a moving-coil meter movement in 
conjunction with a group of rectifier diodes. Actually, the meter movement is 
designed to measure direct current rather than alternating current. Diodes, or 
rectifiers, convert the incoming AC into DC so that it can be measured by the 
meter movement. 


THE BASIC METER MOVEMENT 


The moving-coil meter movement is also commonly referred to as a d’ Arsonval 
meter movement in honor of its inventor, Arsene d’ Arsonval. This meter move- 
ment is essentially the heart of the rectifier-type, moving coil meter. 


A typical moving-coil meter movement is shown in Figure 2-1. A horseshoe 
magnet produces a stationary magnetic field which cuts across a moving coil as 
shown. The moving coil consists of many turns of fine wire on an aluminum 
frame and the coil is mounted so that it can rotate within the magnetic field much 
like the armature of a mechanical AC generator. However, the coil cannot rotate 
360 degrees which is one complete revolution. Instead, the frame can only move 
between specific limits. This is because a pointer (indicator needle) is attached to 
one end of the coil so that it moves or swings as the coil rotates. This pointer is 
allowed to move only between the left and right retaining pins as shown. The 
moving coil also rotates around a soft iron core which is fixed in place. The iron 
core helps maintain a uniform magnetic field between the opposite poles of the 
magnet. 
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Figure 2-1 
The moving-coil meter. 


The spiral springs shown in Figure 2-1 force the coil and its associated pointer to 
the extreme left so that the pointer is near the left retaining pin. In this position, 
the pointer rests above the zero calibration mark on the meter’s scale. The spiral 
springs also provide current paths to the moving coil. The two ends of the mov- 
ing coil connect to the inner ends of the spiral springs. The outer end of the rear 
spring is fixed in place, but the outer end of the front spring connects to a zero 
adjust screw. This screw allows you to control the tension on the spring and 
mechanically reposition the pointer. Normally, you adjust this screw so that the 
pointer rests over the zero position. Counterweights are attached to the pointer so 
that it is perfectly balanced and rotates smoothly on its pivots. 
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The action that takes place in the moving-coil meter movement is illustrated in 
Figure 2-2. Figure 2-2A shows a front view of the basic meter movement. As 
shown, the moving coil rotates around the soft-iron core and remains within the 
magnetic field. This illustration also shows the relative position of the pole pieces 
which are attached to the opposite poles of the magnet. These pole pieces help 
maintain a uniform magnetic field through which the moving coil is to be ro- 
tated. 
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Figure 2-2 
Motor action of moving coil. 


The meter movement in Figure 2-2 has been simplified so that only one turn of 
the moving coil is shown. This single turn is viewed from one end, or in other 
words, shows a cross sectional view of the moving coil. When current is forced 
through the coil so that it flows into the upper right conductor, and out of the 
lower left conductor, a unique action occurs. The current through the conductor 
creates a magnetic field which surrounds the conductor and this field interferes 
with the stationary field produced by the magnet. The interaction of the fields 
causes the coil to move. This action is exactly opposite to the generator action 
that was described in Unit 1. In an AC generator, an armature moves through a 
magnetic field and a voltage (and corresponding current) is induced into the ar- 
mature loop. However, in this case a current is forced through a loop of wire and 
the loop is forced to turn because the fields interact. Electrical energy is therefore 
converted to mechanical energy, instead of mechanical energy being converted 
to electrical energy. 
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In Unit 1 you defined a generator as a device that converts mechanical motion 
(energy) into electrical energy. The action described above converts electrical 
energy into mechanical motion. This is defined as motor action. 


The moving-coil meter movement operates on the same basic principle as an 
electric motor. The moving-coil responds to current just like the armature in a 
motor. It is possible to analyze the exact manner in which the fields interact to 
determine the direction of conductor motion. However, you can use a simple rule 
to determine the same result. This rule is commonly referred to as the right-hand 
motor rule and is illustrated in Figure 2-2B. When you position your right hand 
as shown, your forefinger points in the direction of the magnetic field, your middle 
finger (which is bent out from the palm at 90 degrees) points in the direction of 
current flow, and your thumb points in the direction of conductor motion. 


When you apply the right hand rule to the coil in Figure 2-2A, you find that the 
upper right side of the coil is forced down and the lower left side is forced up. 
Therefore, the pointer is forced to move up scale from left to right, or in a clock- 
wise direction (CW). The coil must move against the tension provided by the 
spiral springs and the resulting pointer deflection is proportional to the amount 
of current flowing through the coil. The higher the current, the greater the deflec- 
tion. 


Like all meter movements, the moving-coil meter movement is rated according 
to the amount of current required to produce full scale deflection. For example, a 
1-milliampere meter movement deflects full scale when 1 milliampere of current 
flows through it. Some meters are designed to be more sensitive than others. For 
example, a meter with a 200-microampere rating is more sensitive than a meter 
with a 1-milliampere rating. Other commonly used meters, which are even more 
sensitive, have ratings of 100 and 50 microamperes. 


It is also important to note that all moving-coil meter movements are designed to 
operate with only direct current. These meters will not respond properly when 
you apply alternating current directly to them. 


THE RECTIFIERS 


You can use a moving-coil meter movement to measure alternating current if you 
convert the AC to DC before it is applied to the meter movement. You can ac- 
complish this with a group of semiconductor devices called a diodes or rectifiers. 
A diode is a 2-element device that converts AC to pulsating DC (rectification 
process). These rectifier components are connected between the input AC and 
the meter and allow current to pass through the meter in one direction. 
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One of the earliest rectifier diodes used in conjunction with meter movements is 
illustrated in Figure 2-3A. It consists of a copper disk which has a layer of copper 
oxide on one side. A lead disk is placed against the copper oxide layer and the 
entire unit is compressed between two metal pressure plates. A bolt holds the 
pressure plates in place. This type of rectifier diode is commonly referred to as a 
copper oxide rectifier. 


COPPER 
OXIDE 
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BAND 5 
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INSULATING PRESSURE (B) 
SLEEVE PLATES 


Figure 2-3 
A typical copper oxide rectifier (A), 
junction diode (B), 
and rectifier symbol (C). 


The copper oxide rectifier allows current to flow readily from the copper to the 
copper oxide, but allows only a small current to flow in the reverse direction. 
Therefore, it is essentially a unidirectional conductor of electrical current. An 
ideal rectifier acts as a short in one direction and an open in the opposite direc- 
tion. However, you cannot achieve this ideal situation does not exist in practice 
and most practical rectifiers have substantially less that ideal characteristics. 


The copper oxide rectifier has been replaced in most applications by a more 
efficient device known as a junction diode rectifier or simply a junction diode. A 
junction diode is made from a semiconductor material (a material which is not a 
good conductor or a good insulator) such as germanium or silicon. The semicon- 
ductor material is processed so that it takes on unidirectional characteristics. The 
semiconductor device is then mounted in a glass, metal, or plastic package which 
protects it from environmental hazards. A typical junction diode is shown in Fig- 
ure 2-3B. The device shown has two metal leads which extend from opposite 
ends of a plastic case. These leads are internally connected to the opposite ends 
of the junction diode rectifier. Current can readily flow into one lead and out of 
the other lead in the direction shown, but only a small leakage current can flow in 
the opposite direction. 
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One end of the rectifier shown in Figure 2-3B is marked with a band. This end of 
the diode is referred to as the cathode and the opposite end is called the anode. 
Current always flows from the cathode end to the anode end as shown. Remem- 
ber, current flows into the point of the arrow. 


Figure 2-3C shows the schematic symbol that is commonly used to represent a 
rectifier. Note that the symbol consists of a bar and an arrow, and that current 
(electron) flow is always against the direction that the arrow is pointing. In other 
words, current can flow from the bar to the arrow but not in the opposite direc- 
tion. 


THE COMPLETE AC METER 


The schematic diagram of a rectifier-type, moving-coil meter is shown in Figure 
2-4A. Note that four rectifiers are used in conjunction with one meter movement. 
The four rectifiers are identified as D,, D,, D3, and D, and are arranged in what is 
called a bridge rectifier configuration. The two input terminals of the circuit are 
identified as A and B. 
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Figure 2-4 
A rectifier-type, moving-coil meter. 


Assume that an AC generator is connected to input terminals A and B, and that 
this generator supplies a continuous alternating current that varies in a sinusoidal 
manner. Also assume that during each positive alternation of the sine wave, ter- 
minal A is positive with respect to terminal B. During each positive alternation 
the circuit current flows along the path indicated by the long dashed lines. Cur- 
rent flows from terminal B, through D3, the meter movement, D,, and out termi- 
nal A. During each negative alternation, B is positive with respect to A and cur- 
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rent flows along the path indicated by the short dashed lines. In other words, 
current flows from terminal A, through D}, the meter movement, D,, and out 
terminal B. Note that even though the input current changes direction, the cur- 
rent through the meter movement is always in the same direction. The four recti- 
fiers therefore convert the input AC into pulsating DC, as shown in Figure 2-4B. 


The process of converting AC to DC is referred to as rectification and this is why 
the diodes used in this application are referred to as simply rectifiers. Further- 
more, the rectifiers in this circuit convert both halves of the sine wave into a 
pulsating direct current and therefore provide full-wave rectification. Less com- 
plicated circuits, which use only one or two rectifiers, may also be used to pro- 
vide half-wave rectification. In this last process, only one of the alternations is 
allowed to flow through the meter movement. 


The current through the meter movement flows in pulses since each alternation 

rises from zero to a peak value and drops back to zero again. Unless the fre- 
quency of the AC input is extremely low, the meter movement is not able to 

follow the variations in the pulsating current. Instead, the meter’s pointer re- 
sponds to the average value of the AC sine wave. The average of an alternation is 

equal to 0.636 times the peak value. However, the scale on the meter is usually 
calibrated in effective or rms values. In other words, the numbers on the meter am 
scale represent effective values which are equal to 0.707 times the peak value. l 
The effective value of a sine wave is much more important than the average 

value since effective values are used in most calculations that involve current 

and voltage. 


ELECTRICAL CHARACTERISTICS 


A variety of rectifier-type, moving-coil meters are available which can measure 
a wide range of alternating currents. Each meter is designed to measure up to a 
certain maximum current. For example, some meters may have calibrated scales 
which extend from 0 to 1 milliampere, 0 to 10 milliamperes, or 0 to 100 milliam- 
peres. 


Most rectifier-type, moving-coil meters have an accuracy of + 5%. This accu- 
racy measurement is based upon the percentage of error in the meter reading at 
full-scale deflection. For example, a 100-milliampere meter which has an accu- 
racy of + 5% might be off by as much as + 5 milliamperes when it indicates a 
current of 100 milliamperes. However, this same full-scale accuracy of + 5% 
pertains to any other meter reading. For example, if the meter indicates 50 milli- 
amperes, the true reading could still be off by as much as t 5 milliamperes. 
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The rectifier-type, moving-coil meter uses a linear scale. This means that the 
numbers or values on the scale are equally spaced. Therefore, the pointer’s de- 
flection is always directly proportional to the current that flows through the meter 
movement. A typical scale for this type of meter is shown in Figure 2-5. 


2 8 
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Figure 2-5 
A typical linear scale. 


The rectifier-type, moving-coil meter is useful when you need to measure alter- 
nating currents over a specific frequency range. This type of meter is usually 
quite accurate over a frequency range that extends from approximately 10 hertz 
to as much as 10,000 or 15,000 hertz. Below a lower limit of approximately 10 
hertz, the meter’s pointer tends to fluctuate in accordance with the changes in 
input current. Since the meter’s pointer is never stationary, it is difficult to accu- 
rately read the meter. Above the upper frequency limit (10 kHz), the meter read- 
ings are usually too inaccurate to be usable. In fact, the accuracy of the meter 
progressively gets worse as frequency increases beyond a few hundred hertz 
because the rectifiers have a certain amount of internal capacitance and the mov- 
ing-coil meter movement has a certain amount of internal inductance. These two 
internal properties present a certain amount of opposition to the flow of alternat- 
ing current through the meter and this opposition varies with frequency. 


Moving-Vane Meters 


The meter described earlier requires rectifiers to convert the AC into DC, which 
is needed to operate the meter movement. However, some meter movements are 
capable of responding directly to an AC input. One of these types is the moving- 
vane meter or a moving-iron meter. This type of meter contains a movable iron 
vane, and depending upon the shape of the vane, it may be classified as either a 
radial-vane or a concentric-vane meter. You will now examine both of these 
basic types and then consider their important electrical characteristics. 


2-14 | UNIT TWO 


THE RADIAL-VANE METER MOVEMENT 


The basic radial-vane mechanism is shown in Figure 2-6. Note that it contains 
essentially the same basic components as the meter movements previously de- 
scribed. However, these components are arranged in basically the opposite man- 
ner. In other words, a coil is used in this meter movement, but the coil is station- 
ary. It surrounds a moving iron vane which is attached to the meter’s pointer as 
shown. A stationary iron vane is mounted inside the coil, parallel to the moving 
vane. When current flows through the coil (in either direction) it produces a 
magnetic field that surrounds the coil. This field passes through the moving and 
stationary vanes in the same direction and magnetizes both vanes in the same 
direction. Therefore, the vanes always have north and south poles which are di- 
rectly adjacent to each other. Since a fundamental rule of magnetism states that 
like poles repel each other, the movable vane is pushed away from the stationary 
vane, and the meter’s pointer is forced to rotate against the tension provided by 
the springs. Figure 2-6 shows the tops of the vanes to be north poles while the 
bottoms are south poles. This condition occurs only when current flows in one 
specific direction. When current flows in the opposite direction, the poles are 
interchanged. However, in either case, the two vanes are pushed apart. 
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Figure 2-6 
The radial-vane meter movement. 


A higher current through the coil produces a stronger magnetic field around the 
coil. This results in greater induced magnetism within the vanes. The increased 
magnetism causes the pointer to deflect further. In other words, the higher the 
current, the greater the pointer deflection. As shown, the scale must be appropri- 
ately calibrated so that the pointer indicates the amount of current that is applied 
to the meter movement. Like most AC meters, the scale is usually calibrated in 
effective values. The scale extends from zero to the maximum value that the 
meter movement is designed to measure. 
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THE CONCENTRIC-VANE METER MOVEMENT 


The basic concentric-vane meter movement is shown in Figure 2-7. Note that it 
is similar to the radial-vane movement, except that its stationary and moving iron 
vanes are semicircular in shape. The moving vane is mounted inside the station- 
ary vane and it is attached to the pointer. The moving vane has square edges, but 
the stationary vane is tapered along one edge. 
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The concentric-vane meter movement. 


When current flows through the coil, it produces a magnetic field around the 
coil. The magnetic field passes through both vanes which causes them to become 
magnetized in the same direction. However, the magnetic lines of force are not 
distributed uniformly through the stationary vane because of its tapered edge. 
Fewer lines of force pass through the narrow end than the wide end because the 
narrow end offers higher resistance or opposition to the magnetic lines of force. 
The wider end provides an easier path for the lines of force, which allows more 
lines of force to be produced. Therefore, the wider end of the vane is more strongly 
magnetized than the narrow end. The strongest repulsion occurs between the 
wide end of the stationary vane and the moving vane. Since the repulsion at the 
narrow end of the stationary vane is less, the movable vane is forced to rotate 
toward the tapered end of the stationary vane. This force is against the spring 
tension, provided by the springs, and causes the pointer to deflect up scale. The 
higher the current through the meter movement, the greater the pointer deflec- 
tion. 
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ELECTRICAL CHARACTERISTICS 


Although moving-vane meters are primarily used to measure AC, they may also 
be used to measure DC values if their scales have been appropriately calibrated. 
This is possible because the moving and stationary vanes always repel, regard- 
less of which direction current flows. 


In general, moving-vane meters require more current to produce full-scale de- 
flection than the rectifier-type moving-coil meters. Therefore, moving-vane meters 
are seldom used in low-power circuits. They are more suited for measuring the 
relatively high currents in AC power circuits. 


Most moving-vane meters have a full-scale accuracy of approximately + 5%, but 
they cannot provide accurate readings over a wide range of frequencies. Most of 
these meters cannot provide accurate readings at frequencies that are much above 
100 hertz and are used mostly in applications where 60-hertz AC power is in- 
volved. 


The scale of a moving-vane meter is usually nonlinear. In other words, the values 
on the meter’s scale are not equally spaced. In fact, these meters usually provide 
a pointer deflection that increases with the square of the change in current. For "~ 
example, suppose that 10 milliamperes of current causes the pointer to deflect a 
distance of 1 inch on the meter’s scale. When you increase the current to 20 
milliamperes, or double it, the pointer does not deflect 2 inches (twice as far). 
Instead, the pointer deflects four times as far or 4 inches. Likewise, if you in- 
crease the current to 3 times its initial value, the pointer will deflect 9 times as far 
(9 is the square of 3). If the input current becomes 4 times as great, the pointer 
will deflect 16 times its initial distance. Any meter that is calibrated in this man- 
ner has what is called a square-law scale. 


A typical scale for a moving-vane meter is shown in Figure 2-8. Note that the 
values near the zero end of the scale are more closely spaced. With this type of 
scale it is difficult to accurately measure current values that fall near the zero 
end. 


o 2 


Figure 2-8 
A typical nonlinear scale. 
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Thermocouple Meters 


Thermocouple meters are also commonly used to measure AC. This instrument 
uses a device known as a thermocouple to generate the current needed to drive 
the meter movement. You will now briefly examine this meter and consider its 
important electrical characteristics. 


METER OPERATION 


The thermocouple meter consists of a thermocouple and a moving-coil meter 
movement as shown in Figure 2-9. The thermocouple is two dissimilar metal 
strips or wires which are joined at one end. When this junction is heated, the two 
metals produce a difference of potential or voltage across their opposite ends. 
The thermocouple therefore converts heat into an electrical voltage. 






MOVING-COIL 
METER MOVEMENT 


AC 
INPUT 


HEATER WIRE 


Figure 2-9 
A basic thermocouple meter. 


A short heater wire is placed against the thermocouple’s junction as shown in 
Figure 2-9. The AC input is applied directly to the heater wire and this wire heats 
up to a temperature that is determined by the amount of current flowing through 
the wire. The heat produced by the wire causes the thermocouple to produce a 
DC output voltage which in turn causes current to flow through the moving-coil 
meter movement. This current causes the pointer to deflect and indicate the value 
of the input AC. 
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ELECTRICAL CHARACTERISTICS 


A thermocouple meter can measure alternating currents over an extremely wide 
frequency range. In fact, its upper frequency limit extends well up into the radio 
frequency (RF) range. These meters are often used at frequencies as high as 
several gigahertz. However, they may also be used to measure DC if their scales 
have been appropriately calibrated. This is because thermocouple meters are com- 
pletely insensitive to the rate at which the input current varies. They respond 
only to the amount of heat that is produced by the AC or DC input. 


When a thermocouple meter is used to measure an alternating current that has an 
extremely high frequency, it is necessary to calibrate the instrument at that par- 
ticular frequency. In other words, the meter should be calibrated to indicate the 
correct AC value at a particular frequency. This is because a phenomenon known 
as skin effect occurs at extremely high frequencies. Skin effect occurs because 
high frequency AC currents tend to flow near the outer surface of a wire. The 
higher the frequency, the higher the skin effect. This means that most of the 
conductor’s interior is not used to support current and its resistance is higher than 
it normally is. Therefore, the effective resistance of the heater wire and the other 
wires within the meter vary with frequency which changes the internal resistance 
of the meter. This change in internal resistance affects the meter’s response, and 
makes it necessary to calibrate the meter at the frequency that is to be measured. 


When they have been properly calibrated, thermocouple meters provide quite 
accurate AC measurements. Typical meters usually have a full-scale accuracy of 
+2% or + 3%, and certain types of laboratory instruments may have an accuracy 
of + 1%. Furthermore, the thermocouple meter provides a pointer deflection which 
varies as the square of the change in AC input current and is just like the moving- 
vane meter that was previously described. Therefore, the thermocouple meter 
must also have a square law scale. 


Clamp-on Meters 


All of the meters described so far must be connected directly into an electronic 
circuit to measure current. However, there is one type of measuring instrument 
which does not have to be physically connected into the circuit in order to pro- 
vide a current measurement. This device can be simply clamped over a conduc- 
tor and it will indicate the amount of current flowing through the conductor 
These clamp-on type meters are also referred to as split-core meters, hook-on 
meters, or snap-around meters. You will now briefly examine one of these meters 
and consider its important electrical characteristics. 
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METER OPERATION 


A clamp-on meter basically consists of a transformer and a rectifier-type mov- 
ing-coil meter, as shown in Figure 2-10. Transformer action is based upon a 
phenomenon called electromagnetic mutual inductance. This principle is explained 
in Unit 6. For now, you only need to know that as a current moves through a 
conductor, electromagnetic lines of flux (a magnetic field) is formed about the 
conductor. Its strength varies in direct proportion to the amount of current, and 
its polarization is dependent upon the direction of current flow. When an AC 
current reverses direction, the field collapses and then builds in strength with the 
opposite polarization. This build-up and collapse causes the fluctuating lines of 
force, that make up the magnetic field, to cut the secondary, and thereby induces 
an electromotive force (EMF), or voltage, into the secondary winding. This sec- 
ondary voltage is rectified and ultimately used to cause the meter to deflect. 
These hand-held instruments are usually mounted within a small plastic case. 
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Figure 2-10 
A basic clamp-on meter. 
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This meter utilizes a split-core transformer. One side of the transformer core is 
hinged and is movable. You press an attached trigger to open this section of the 
core. To measure the AC current in a conductor, you open the core (which is 
made of soft iron) and insert the conductor inside the core. You then close the 
core, as shown, so that it completely surrounds the conductor. It is important to 
make sure that the core is completely enclosed and that no air gap is present. 


The AC current flowing in the conductor produces a circular magnetic field around 
the conductor. The strength of this field is proportional to the current that flows 
through the conductor. This magnetic field expands and collapses as the AC in- 
creases and decreases in value (amplitude). The field polarity reverses as the 
current changes direction. The iron core offers little opposition to the magnetic 
field (much less than air). This means that most of the lines of force pass through 
the core. However, in order for this to happen, the magnetic lines of force must 
cut across the coil that is wound around the opposite side of the core. When this 
happens, a voltage is induced into the coil which in turn causes an induced cur- 
rent to flow through the coil. The conductor, the core, and the coil, form a trans- 
former with the conductor acting as the input or primary winding (which has 
only one turn) and the coil acting as the output or secondary winding. 


The current that is induced into the secondary is an alternating current just like 
the current in the conductor. This AC is applied to the rectifiers which convert it 
to DC. The DC is then used to operate the moving-coil meter movement which 
causes its pointer to deflect. The meter is calibrated so that it indicates the effec- 
tive value of the AC current that flows through the conductor. 


ELECTRICAL CHARACTERISTICS 


Since the clamp-on meter depends upon transformer action for operation, it can 
be used to only measure AC. The moving magnetic field that is produced by AC 
in the conductor is necessary to induce a voltage into the secondary coil of the 
transformer. The magnetic field that is produced by a direct current is constant, 
and therefore cannot pass through the transformer. 


In general, the clamp-on meter is useful for measuring only relatively high alter- 
nating currents. This is because the current in the conductor must be high in 
order to produce a magnetic field that is strong enough to induce a significant 
amount of current into the secondary coil. These meters are often used to mea- 
sure currents as high as several hundred amperes. They are usually used by elec- 
tricians for power line checks rather than by electronic technicians. 
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Using AC Meters 


Now that you have examined some of the basic types of AC meters, it is time to 
consider how these meters are used in typical applications. Although there are no 
complicated rules governing their use, there are some important points which 
you must consider. The basic AC meter is essentially a current-measuring de- 
vice. It is also used to measure voltage and power. You will now see how these 
instruments are used to measure various quantities and the important precautions 
that you must observe when you use them. 


MEASURING CURRENT 


With the exception of the clamp-on meter, to measure current you insert the am- 
meter into the circuit in series with the component whose current is to be mea- 
sured. In the case of DC currents, you must observe the proper polarity. When 
you use an AC current meter, the meter only responds to one of the alternations 
and polarity is not a problem. 


AC meters are current-measuring instruments. They are available for measuring 
alternating currents over a variety of ranges. In general, any meter which is used 
to measure current, either AC or DC, is referred to as an ammeter. However, the 
terms microammeter and milliammeter specifically identify meters that measure 
currents in the microampere and milliampere ranges. 


Many AC ammeters are designed to measure current over one specific range. For 
example, a meter may be calibrated to measure currents from 0 to 50 milliam- 
peres, while another meter may have a scale which extends from 0 to 100 milli- 
amperes. You could use these two meters to measure currents as high as 50 and 
100 milliamperes respectively. If you exceed these values by a substantial mar- 
gin, even momentarily, sensitive meter movements could become damaged. 


The amount of current that is required to deflect the meter’s pointer to its full- 
scale position is called the meter sensitivity. The two meters in the previous para- 
graph have meter sensitivities of 50 and 100 milliamperes respectively. Do not 
confuse meter sensitivity and meter movement sensitivity. Meter sensitivity is 
the maximum current that the meter can measure on any given scale. Meter move- 
ment sensitivity is the maximum current that can pass directly through the meter 
movement. Meter movement sensitivity is fixed at the time of manufacture and 
is usually printed on the face of the meter movement. 
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Certain types of ammeters are designed to have more than one current range. 
Such meters are usually equipped with a range switch which effectively changes 
the sensitivity of the meter and its operating range. A typical multirange ammeter 
circuit is shown in Figure 2-11A. Note that the instrument uses a 1 mA (1 milli- 
ampere) AC meter movement, three resistors, and a range switch. When the range 
switch is in the 1 mA position, only the meter movement is connected to the 
input terminals which gives the instrument a current range that extends from 0 to 
1 milliampere. 
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A typical multirange ammeter. 


When the range switch is in the 10 mA position, resistor, R; is connected in 
parallel with the meter movement. When the switch is in this position, it can 
measure currents up to 10 milliamperes, even though the meter movement itself 
can only handle 1 milliampere of current. R, shunts the additional 9 milliam- 
peres of current around the meter movement. In other words, when 10 milliam- 
peres of current flow through the instrument, R; must carry 9 milliamperes of 
current so that only 1 milliampere flows through the meter movement. 


When the range switch is in the 100 mA position, the instrument can measure up 
to 100 milliamperes of current because resistor R, shunts up to 99 milliamperes 
of current around the meter movement. When the range is set to the 1 A position, 
the instrument can measure up to 1 ampere (1000 milliamperes) of current since 
resistor R; shunts up to 999 milliamperes of current around the meter movement. 
Resistors R4, R3, and R; are appropriately referred to as shunt resistors. 


The complete AC meter is shown in Figure 2-11B. Note that it uses only one 
scale which is calibrated from 0 to 1. This same scale is used on each range, 
therefore you must mentally adjust the decimal point on the scale to correspond 
to the range you are using. Some meters have more than one scale which allows 
you to read each scale directly. 
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When you use an ammeter to measure current, be sure that the current that you 
are measuring is not beyond the range of your ammeter. Always play it safe and 
start with the highest possible range if you are in doubt. Then work down to 
range that provides you with a measurable indication. Be sure that your meter is 
properly calibrated, and always check the pointer to make sure that it is on zero 
before you insert the meter into the circuit. If it is not, readjust the meter for a 
zero reading. Most meter movements have a mechanical zero adjustment that 
allows you to reposition the pointer. 


When you use any type of ammeter, except the clamp-on type, to measure AC 
current, always connect the meter in series with the current to be measured. This 
means that it is necessary to break the circuit under test so that you can insert the 
ammeter. For example, if you wish to measure the current flow through a resis- 
tor, you must break the circuit on one side of the resistor and insert the ammeter 
as shown in Figure 2-12A. When you connect the ammeter in series, it again 
forms a complete circuit, and the current flows through the meter. When you 
measure the current through a component that is connected in series or parallel 
with other components, you must exercise extreme caution to be sure that the 
ammeter is in series with the correct component. For example, if you wish to 
measure the current through R, in Figure 2-12B, you must be sure that the meter 
is in series with R}. When you break the circuit is broken and insert the meter at 
points A or C, you will measure the total current flowing through R,. When the 
ammeter is inserted at point B, it measures the current through R3. 


AMMETER 






AC 
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Figure 2-12 
Measuring current with an ammeter. 


Since the alternating current periodically changes its direction, it makes no dif- 
ference which direction the meter is connected. In other words, the wires con- 
nected to the meter’s input terminals (shown in Figure 2-12) could be interchanged 
and the meter would still function properly. You only need to make sure that you 
connect the meter in series with the alternating current. In this respect, AC meters 
are much easier to use than DC meters. DC meters must be connected so that the 
current flows through them in the proper direction. In other words, you must 
observe proper polarity. 
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MEASURING VOLTAGE 


Although AC meters are current-measuring instruments, they can also indicate 
voltage. When they are used in this manner, additional components are required 
to limit the current that flows through the meter to the proper value. Instruments 
that are used to measure voltage, either AC or DC, are referred to as voltmeters. 


Some voltmeters are designed to measure one specific range of voltages that 
extend from zero to some maximum value. However, many voltmeters are ca- 
pable of measuring voltages over several ranges. These multirange meters are 
more versatile and are therefore more practical in applications where you need to 
measure a wide range of voltage values. 


A typical multirange voltmeter circuit is shown in Figure 2-13A. Note that the 
instrument uses a meter movement, three resistors, and a range switch. When the 
range switch is set to the 1 V position, the instrument is capable of measuring AC 
voltages from 0 to 1 volt. When the range switch is in this position resistor R, is 
connected in series with the meter movement. This resistor has a resistance value 
that limits the current flow through the meter movement to its full-scale value 
when the AC voltage across the input terminals has an effective (rms) value of 1 
volt. You must also take the internal resistance of the meter movement (although 
it is usually very low) into consideration when you determine this resistor value. 
This is necessary in order to ensure that the total resistance of the meter circuit 
has the proper value. 
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Figure 2-13 
Atypical multirange voltmeter. 


When the range switch is set up to the 10 V position, the meter can measure 
effective voltages up to 10 volts. In this case, resistor R, is in series with the 
meter movement. This resistor has a higher value than R,, and it limits the cur- 
rent through the meter movement to its full-scale value when the input voltage is 
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10 volts. When the range switch is set to the 100 V position, R3 is switched into 
the circuit. This resistor is larger than R», and it limits the current through the 
meter movement to its full-scale value when the input value is 100 volts. Resis- 
tors R,, R,, and R; effectively multiply or extend the meter’s voltage range by a 
factor of 10 in each case. These resistors are commonly referred to as multiplier 
resistors. Note that as the applied voltage increases, the value of the multiplier 
resistor also increases, and the maximum current that is allowed to flow is lim- 
ited to a safe value for the meter movement. 


The complete AC voltmeter is shown in Figure 2-13B. Note that only one scale is 
used for all three ranges. The instrument is also equipped with test probes so you 
can connect it to a circuit. These test probes allow you to simply place them in 
contact with the circuit under test so you can make voltage measurements very 
quickly and efficiently. 


When you use a voltmeter to measure a voltage, you must always connect the 
meter must in parallel with the voltage to be measured. It is not necessary to 
break the circuit to obtain a voltage measurement. For example, if you wish to 
measure the voltage produced by the AC voltage source shown in Figure 2-14A, 
you simply connect the meter in parallel with the source as shown. Since a resis- 
tor is also connected across the voltage source, the voltmeter is effectively mea- 
suring the voltage across the resistor as well as the source. Remember, voltage is 
constant across a parallel branch circuit. Assume that two resistors are connected 
in series and then connected across a voltage source. To measure the voltage 
across one of the resistors, connect your meter in parallel with the single resistor 
as shown in Figure 2-14B. To make your voltage measurement, simply connect 
(touching) the test probes to each side of the resistor. The voltage indicated by 
the meter is voltage across the single resistor. 
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Figure 2-14 
Measuring voltage with a voltmeter. 
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When you measure an AC voltage, it usually makes no difference which direc- 
tion you connect the meter. You could interchange the test probes shown in Fig- 
ure 2-14 and the voltage readings would not change. The AC voltage continually 
changes direction or polarity which makes it unnecessary to observe polarity. 


CAUTION: One exception to this is when you measure voltages with a meter 
that has an earth-grounded reference lead. For example, electronic trainers that 
are earth grounded (3-prong line cords) and meters that are earth grounded. It is 
possible to insert a ground into the circuit under test. The point where the meter’s 
reference lead is connected becomes earth ground. 


Always be sure that the voltage is within the meter’s capability. When in doubt, 
use the highest range possible and work your way down to a range that provides 
a midscale reading. In the case of a DC voltage, be sure to observe proper polar- 


ity. 


MEASURING POWER 


In AC circuits, you can measure electrical power with special types of AC meters. 

These instruments measure the effective (rms) values of current and voltage, ~ 
internally compute the amount of power (I x E), and indicate its value on a cali- 

brated scale. Electrical power is simply the rate at which electrical energy is 

used, and it is measured in units called watts. Calculating of power in AC circuits 

is somewhat more complex than in DC circuits. To determine the power that is 

being consumed by a component in a DC circuit, in the form of heat, you multi- 

ply the current through the component by the voltage drop across the component. 

This relationship is shown mathematically as: 


P=IXxE 


In this equation, the power in watts is equal to the current in amperes times the 
voltage in volts. AC power is usually represented as true power (effective-rms). 


This same equation is also applicable to AC circuits as long as the circuit con- 
tains only resistance. In a purely resistive circuit, the product of I and E always 
equals P. However, AC circuits often contain properties such as inductance and 
capacitance which you will learn more about later. When these properties exist, 
the product of I and E does not provide a true indication of power. The resulting 
power can appear to be much higher than is actually the case. Since the power 
appears to be consumed by the inductive or capacitive components, it is called 
apparent power. Apparent power is expressed in units called volt-amperes. ~ 
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An instrument that measures AC or DC power is called a wattmeter. Most watt- 
meters utilize a special type of meter movement called an electrodynamometer 
movement. This type of instrument always measures the true AC power that is 
used by a component or circuit. In other words, it can distinguish true power 
from apparent power. 


A simple wattmeter is shown in Figure 2-15. Note that the meter uses two sta- 
tionary coils which are in series and a moving coil. When you use this instrument 
to measure the AC power consumed by a load, its stationary coils are connected 
in series with the load in order to measure the load current. These stationary coils 
are wound around two iron cores. The iron cores become magnetized when cur- 
rent flows through the stationary coils, and they perform essentially the same 
functions as the permanent magnet pole pieces, that were used in the moving- 
coil meter movement described earlier. The moving coil is similar to the type 
used in the moving-coil meter movement. This coil is connected in parallel with 
the voltage across the load in order to measure the voltage drop across the load. 
When the stationary and moving coils are properly connected as shown in Figure 
2-15, they both produce magnetic fields which interact and cause the moving 
coil and its attached pointer to deflect. The amount of deflection is proportional 
to the product of the load voltage and the load current. Therefore, the meter 
actually monitors the voltage and the current, and provides a scale reading cali- 
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Measuring power with a wattmeter. 
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Most wattmeters provide reasonably accurate measurements and some are accu- 
rate to within + 1%. These meters, like the ammeters and voltmeters that were 
described earlier, have internal resistance and therefore consume a certain amount 
of power themselves. Some wattmeters are calibrated to take their internal power 
loss into consideration while others are not. When you use meters that do not 
compensate for their own loss, you need to subtract the power used by the meter 
from the meter’s reading. Manufacturers of these instruments sometimes indi- 
cate how much power is used by the meter. This information is in the form of 
correction data and is usually provided on a graph for a variety of power ratings 
at specific frequencies. 


When you use an instrument that is not compensated and the manufacturer does 
not indicate the internal power loss, you can perform a simple test to determine 
the meter’s internal loss. To do this, disconnect the load at points A and B as 
shown in Figure 2-15. Now, the stationary and moving coils are effectively in 
series and the meter measures its own internal power loss. For accurate readings, 
subtract this internal power reading from the reading you obtain with the load 
connected in order to obtain the actual true power dissipated by the load. 


The stationary and moving coils in a wattmeter have specific current and voltage 
ratings respectively. Therefore, when you use a wattmeter you must be sure that 
you do not exceed the individual maximum current and voltage ratings of the 
device. Also, you must be careful not to exceed the maximum power that the 
device is designed to measure. If you exceed either of these ratings, the instru- 
ment can be permanently damaged. 
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Programmed Review 


Alternating currents and voltages may be measured by electromechani- 
cal devices called AC 


(meters) One of the most widely used meters utilizes a moving-coil 
meter movement and a group of rectifiers and is called a - 
moving-coil meter. 


(rectifier-type) The moving-coil meter movement responds only to DC. 
Rectifiers are therefore needed to convert the AC input into a 

output which can be applied to the moving coil in the meter 
movement. 


(DC) The moving coil in the meter movement operates in a manner 
similar to an electric motor. The moving coil rotates against the ten- 

eo sion provided by the spiral springs, and the distance that it rotates is 
proportional to the amount of direct that flows through 
the coil. 


(current) A pointer is attached to the moving coil. Therefore, the pointer 
deflects a distance which is proportional to the current flowing in the 
coil. 


(moving) Like most AC meters, the rectifier-type, moving-coil meter 
utilizes a scale which is calibrated in values even though 
the meter responds to the average value of the AC applied. 


(effective) The numbers or values marked on the scale of the rectifier- 
type, moving-coil meters are equally spaced. Therefore, this type of 
meter has a scale. 


(linear) A moving-vane meter utilizes either a radial or a concentric 
iron vane which moves inside of a stationary 
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(coil) When current flows through the coil of a radial-vane meter, the 

moving-vane becomes magnetized along with a stationary vane which 

is located next to it. The two vanes become magnetized in the same 

direction so that the moving vane is forced to move away from the 
vane. 


. (stationary) The pointer is attached to the moving vane, therefore, the 
pointer deflects further as the current through the stationary coil 
in value. 


. (increases) The concentric-vane meter functions in a similar manner. 
However, the pointer in this meter is attached to a moving vane which 
is circular in shape. This circular shaped moving vane rotates when 
current flows through the stationary coil, which causes the 

to deflect. 


. (pointer) Moving-vane meters provide a pointer deflection that in- Y 
creases with the square of the change in current and therefore have 
nonlinear scales. These scales are commonly referred to as 

- scales. 


. (square-law) A thermocouple meter uses two dissimilar metal strips 
which are heated by the AC input current. These metal strips produce 
a DC output voltage which operates a - 
meter movement. 


. (moving-coil) An AC meter that can measure the current through a 
conductor by simply clamping it around the conductor is called a 
- meter. 


. (clamp-on) AC meters that are used to measure current may be cali- 
brated in amperes, milliamperes, or microamperes. In general, these 
instruments are commonly referred to as 
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16. (ammeters) Many ammeters have more than one range. You can ex- 
tend The range of an instrument by shunting a portion of the current 
around the meter. You do this with components known as 
resistors. 


. (shunt) When you use an ammeter to measure current, you must con- 
nect the instrument in with the current to be measured 
so that the current flows through the meter. 


. (series) You can also use an AC meter to measure voltage by connect- 
ing a resistor in series with the meter. Such a device is referred to as a 


. (voltmeter) The range of a voltmeter is determined by the value of the 
resistor that is in series with the meter. A multiple-range voltmeter 
uses several of these resistors to multiply or extend its range. These 


a series resistors are called resistors. 


. (multiplier) When you measure voltage with a voltmeter, you must 
connect the instrument across the voltage to be measured. In other 
words the instrument must be connected in with the 
voltage source. 


. (parallel) AC meters may also be used to measure power in watts. 
These meters are commonly referred to as 


. (wattmeters) A wattmeter has two sets of input terminals. One set of 
terminals must be connected in with the current to be 
measured and the other set must be connected in with 
the voltage to be measured. 


. (series, parallel) 
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OSCILLOSCOPES 


AC meters can provide reasonably accurate measurements of current and volt- 
age, but these instruments do not allow you to see what the AC quantities actu- 
ally look like. In most cases, they are calibrated to indicate the effective or rms 
value of a sine wave. When you use them to measure nonsinusoidal waveforms, 
they do not provide true rms readings. 


When you troubleshoot or analyze electronic equipment, it is often helpful or 
even necessary to know exactly what an AC waveform looks like. In many cases, 
it is necessary to know the peak and peak-to-peak values, instantaneous values, 
and the waveform’s period. You can perform these measurements, as well as 
others, with a device known as an oscilloscope. 


You can use an oscilloscope to analyze any type of AC waveform and measure 
its most important electrical characteristics. The oscilloscope, or o’scope as it is 
commonly called, is one of the most important test instruments used to measure 
AC quantities. The oscilloscope can also measure DC currents and voltages. 


You will examine the operation of a basic oscilloscope and then consider some of 
the ways that you can use it to measure and analyze AC waveforms. Although 
this description is brief, it contains background information that should prove 
helpful. 


Oscilloscope Operation 


Oscilloscopes do not contain moving parts like the AC meters previously de- 
scribed. They are electronic test instruments that use various types of electronic 
circuits. Early oscilloscopes used vacuum tubes as the principal controlling ele- 
ments in their electronic circuits. Newer oscilloscopes use semiconductor com- 
ponents such as transistors and solid state diodes in place of the larger tubes. The 
tube versions were much larger and required much more power to operate than 
the modern-day, solid-state oscilloscopes. 


An oscilloscope can measure AC or DC voltages and display the voltage on a 
graph. The AC or DC voltage appears as a picture on a screen that is similar to 
the type of screen used in a television set. The main difference in the screen is 
that it is divided into equally-spaced, 1-centimeter squares. The oscilloscope con- 
tains a number of controls that allow you to adjust the size and the number of 
complete waveforms that are displayed. Most oscilloscopes are calibrated so that 
you can visually analyze the waveform, and easily determine its most important 
characteristics. 
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A simplified block diagram of an oscilloscope is shown in Figure 2-16. The de- 
vice has two input terminals which are used to measure AC or DC voltages. 
These terminals are connected in parallel with the voltage source that is to be 
measured. They are generally referred to as the vertical input terminals. The AC 
voltage at these terminals is applied to an amplifier circuit which increases the 
amplitude or magnitude of the voltage before it is applied to a device known as a 
cathode ray tube or CRT. The CRT is the device which graphically displays the 
waveform that is present at the input terminals. 
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Figure 2-16 
A basic oscilloscope. 


As shown in Figure 2-16, a CRT contains an electron gun and two sets of deflec- 
tion plates. These components are mounted inside a large glass tube which fans 
out at one end to form a screen which closely resembles the screen on a televi- 
sion picture tube. The air is pumped out of the tube and the end is sealed so the 
components operate within a vacuum. In this respect, the device is similar to an 
ordinary vacuum tube. The electron gun produces a stream of electrons which 
are focused into a narrow beam and aimed at the CRT screen. When the beam 
strikes the screen, it illuminates a phosphorus coating on the inside of the screen 
to produce a spot of light. The electron beam must pass between the two sets of 
deflection plates. 


The AC voltage from the vertical amplifier is applied to the vertical deflection 
plates. This alternating voltage causes the plates to become positively and nega- 
tively charged and the polarity of these charges continually reverses. The elec- 
trons in the beam are negatively charged and tend to deflect toward the positive 
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plate and away from the negative plate which causes the beam to bend. Since the 
charges on the vertical plates continually change direction, the electron beam is 
deflected up and down to produce a vertical trace to appear on the CRT screen. 
The height of the vertical trace depends upon the amplitude of the AC voltage 
that is being measured and the amount of amplification provided by the 
oscilloscope’s vertical amplifier circuit. 


If the electron beam was simply moved up and down, only a vertical line or trace 
would appear on the screen. Such a display could indicate the peak-to-peak am- 
plitude of a waveform, but still does not indicate the exact shape of the wave- 
form. In order to show how the waveform’s varies, it is necessary to move the 
electron beam horizontally across the screen. This is accomplished by a circuit 
known as a sweep oscillator. This circuit generates an AC sawtooth waveform 
which is then amplified by a horizontal amplifier and then applied to the hori- 
zontal deflection plates. The sawtooth voltage increases at a linear rate from a 
negative peak value to a positive peak value, and then almost instantly changes 
back to a negative value again. The positive and negative charges on the horizon- 
tal deflection plates vary in the same manner which causes the electron beam to 
move from left to right across the screen at a linear rate and then immediately 
jump back to the left side and start over again. 


If only the sawtooth waveform is applied to the horizontal plates, with no voltage 
on the vertical plates, only the horizontal trace will appear on the screen. This 
trace is the horizontal time base that is used to measure the time of a waveform. 
The electron beam simply moves from left to right in a specific period of time 
and then repeats this action again and again. 


When the vertical AC voltage and the horizontal sawtooth voltage are both ap- 
plied to the CRT, an AC waveform can be produced. As the beam moves from 
left to right at a linear rate with respect to time, the vertical AC voltage causes the 
beam to move up and down in accordance with the variations in the AC voltage. 
If the time that is required for the beam to move across the screen from left to 
right is equal to generate one cycle of the AC input voltage, one cycle of the AC 
waveform will be displayed on the screen. 


The relationship between the input AC sine wave, the sawtooth wave, and the 
displayed waveform is further illustrated in Figure 2-17. Note that one complete 
cycle of the sine wave (Figure 2-17A) occurs in the time required to generate one 
complete cycle of the sawtooth wave (Figure 2-17B). When these conditions are 
met, one complete AC sine wave is displayed as shown in Figure 2-17C. In other 
words, the frequency of the AC input waveform must be equal to the frequency 
of the sawtooth waveform. Furthermore, the sine wave and sawtooth wave must 
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begin their cycles at the same time in order to display a sine wave that is properly 
oriented as shown in Figure 2-17C. If the two waveforms are not properly syn- 
chronized (start at the same time), the displayed waveform might appear as shown 
in Figure 2-17D or Figure 2-17E. Although these waveforms are complete AC 
cycles, they are not properly oriented. 


sig O CY) WY 


Figure 2-17 
The input AC signal (A) 
and the sawtooth waveform (B) 
must have the same frequency for 


one cycle to be displayed (C). 


To ensure that the input AC waveform and the sawtooth waveform are properly 
synchronized, a synchronization or sync circuit is included in the oscilloscope 
circuit. This circuit samples the incoming AC signal and produces a control sig- 
nal that is applied to the sawtooth oscillator to make sure that the sawtooth gen- 
erator begins its cycle at the proper time. 


The input AC waveform and sawtooth waveform do not simply occur just once. 
These waveforms must occur repeatedly in order to produce a picture on the 
screen. In other words, the electron beam follows the pattern of the waveform 
again and again, and this results in a constant picture on the screen. The phosphor 
on the screen produces light for only an instant after the electron beam strikes it 
and moves on. Therefore, constant repetition is required to produce a pattern that 
is constantly illuminated. 


Using the Oscilloscope 


You can use the oscilloscope to observe and measure various types of AC wave- 
forms. You will now briefly consider some of the ways in which this important 
test instrument can be used. 
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MEASURING VOLTAGE 


Since the oscilloscope displays an entire AC waveform, it can be used to deter- 
mine instantaneous values as well as peak and peak-to-peak values. 


A typical oscilloscope display is shown in Figure 2-18. Note that the screen of 
the oscilloscope is marked with vertical and horizontal lines which form squares. 
This grid pattern is commonly referred to as a graticule. The squares are usually 
1 centimeter high and 1 centimeter wide and represent a sheet of graph paper. 
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Figure 2-18 
Measuring voltage with an oscilloscope. 


Observe an AC waveform as shown in Figure 2-18. To adjust the vertical height 
of the waveform, you can use the vertical sensitivity control which varies the 
amplification factor of the vertical amplifier. Vertical (on-screen) deflection is 
directly proportional to given input voltage levels and the VOLTS/CM setting. 
The vertical amplification range selector is called a vertical sensitivity or vertical 
attenuator control. This control is calibrated to ensure accurate signal representa- 
tion. For example, suppose the vertical sensitivity control is set to the 10 volts- 
per-centimeter (cm) position as shown in Figure 2-18. This means that each cen- 
timeter of vertical height or deflection represents 10 volts at the vertical input 
terminals. The waveform in Figure 2-18 is 4 centimeters high. Therefore, it has a 
peak-to-peak amplitude of 4 times 10 or 40 volts. The peak value of the wave- 
form is equal to one half of 40 volts, or 20 volts. You can determine the value at 
any point along the waveform by comparing its relative position to the squares 
on the graticule and then multiplying your observation by the VOLTS/CM set- 
ting of the vertical sensitivity control. ~ 


Since the oscilloscope is capable of displaying and measuring the overall voltage 
of a waveform, the device is often referred to as a peak-to-peak measuring in- 
strument. 
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Some less expensive oscilloscopes are not calibrated as shown in Figure 2-18. 
When you use this type of oscilloscope, it is necessary to apply a known DC or 
AC reference voltage to the vertical terminals and adjust the vertical amplifier 
for a specific amount of deflection. In other words, you calibrate the oscilloscope 
against a known voltage source. Then you may apply the unknown voltage and 
determine its value. 


MEASURING THE PERIOD 


The oscilloscope may be used to measure the period of an AC waveform. The 
period, or time for 1 cycle, is determined by observing the horizontal width of 
the waveform displayed on the screen. You can usually adjust the oscilloscope’s 
sawtooth oscillator so that the electron beam moves from left to right across the 
screen at a specific speed. The time required for the beam to move horizontally 
across the screen is referred to as the sweep time. You use a control that is mounted 
on the oscilloscope to adjust the sweep time. This control sets the amount of 
time, in seconds, milliseconds, or microseconds that are required for the trace to 
move horizontally a distance of 1 centimeter. 


Assume that the oscilloscope’s sweep time control (TIME/CM) is set to the 5 
milliseconds per centimeter position as shown in Figure 2-19. Each centimeter 
of horizontal deflection represents a time interval of 5 milliseconds. The wave- 
form being displayed in Figure 2-19 is 4 centimeters wide. In other words, one 
complete cycle occupies 4 centimeters of the trace. The period of the waveform 
is equal to 4 times 5 milliseconds or 20 milliseconds. 


20 
MILLISECONDS 


TIME/CM 





Figure 2-19 
Measuring the period of an AC waveform. 
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You can set the oscilloscope’s sweep time control to measure waveforms that 
have very long and very short periods. You simply adjust the control to produce 
at least one complete cycle of the AC signal on the CRT. Then, count the number 
of centimeters from the beginning to the end of the cycle and multiply that num- 
ber by the sweep time. 


In many cases, it is desirable to display only one cycle of a waveform, as shown. 
However, there are times when you need to observe more than one cycle, or a 
portion of a cycle. To show more than one cycle, you adjust the sweep time 
control for a shorter time period than you use to display one cycle of the AC 
signal. For example, suppose you need to measure an AC signal with a 1 milli- 
second period and you set the sweep time control for 1 millisecond-per centime- 
ter. You will then see one complete cycle-per-centimeter across the CRT screen. 


Naturally, to observe a portion of an AC cycle, you need to set the sweep time 
control for a longer time period than you use to display one cycle of the AC 
signal. In effect, you are magnifying a portion of the signal. For example, sup- 
pose the sweep time is 1 millisecond-per-centimeter and the CRT shows one 
complete cycle. Change the sweep time to 2 milliseconds-per-centimeter and 
you will see only one-half of a cycle. 


An oscilloscope may therefore display a portion, one, or any number of inputAC 
cycles. When a number of cycles are displayed on the screen, it is important to 
remember that it is necessary to only determine the time for one cycle in order to 
determine the period of the waveform. 


MEASURING FREQUENCY 


In order to determine the frequency of an AC waveform, you must know the 
period of the waveform. The frequency of an AC waveform is equal to 1 divided 
by the period of the waveform. In other words, time and frequency are reciprocal 
functions. Time is measured in seconds and frequency is measured in cycles per 
second. Frequency is measured in hertz and is expressed mathematically as: 


g 
fez 


For example, the waveform in Figure 2-19 has a period (T) of 20 milliseconds 
(0.02 seconds). This waveform has a frequency (f) of: 


at 
f= goz 790 Hz 
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MEASURING PHASE RELATIONSHIPS 


In some cases, it is necessary to compare two AC waveforms of the same fre- 
quency to determine if the two waveforms coincide or occur at the same time. In 
many cases, two AC waveforms within the same circuit are displaced in time, or 
by a given number of degrees. For example, a capacitor may shift an AC signal 
by approximately 90°. 


If two AC waveforms coincide so that their instantaneous values both occur at 
the same time, they are in phase with each other. When the two waveforms are 
displaced (do not occur at the same time), they are out of phase. The amount of 
phase displacement is usually measured in degrees. For example, the AC sine 
wave shown in Figure 2-20B is in phase with the waveform in Figure 2-20A.The 
waveform in Figure 2-20C is 90° out of phase with the waveform in Figure 2- 
20A, and the waveform in Figure 2-20D is 180° out of phase with the waveform 
in Figure 2-20A. 


Figure 2-20 
Phase relationships between AC sine 
waves. 


In order to compare two AC sine waves and determine their phase relationship, it 
is necessary to apply one sine wave to the oscilloscope’s vertical deflection plates 
and the other sine wave to the scope’s horizontal deflection plates. To do this, 
you apply one waveform to the vertical input terminals and apply the other wave- 
form to a set of horizontal input terminals on the scope. A switch is usually pro- 
vided, as shown in Figure 2-16, which disconnects the sweep oscillator and con- 
nects the horizontal input terminals directly to the horizontal amplifier. 
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When both AC sine waves are properly applied to the scope, and the vertical and 
horizontal controls are properly adjusted, the electron beam will deflect in a manner 
that is determined by both AC waveforms. The resulting patterns displayed on 
the screen are referred to as Lissajous patterns. You can determine the phase 
relationship between the two waveforms by properly interpreting these unique 
patterns. A Lissajous pattern is defined as a shape that is undefined. 


Several common Lissajous patterns are shown in Figure 2-21. These patterns 
occur at phase difference intervals of 45°, starting at 0° and extending to 360°. 
The pattern shown in Figure 2-21A occurs when both sine waves are in phase. 
This pattern is a diagonal line that extends from the lower left hand portion of the 
screen to the upper right hand portion. The pattern in 2-21B occurs when two 
waveforms are 45° out of phase. It is an oval or sometimes called an ellipse. Ata 
phase difference of 90°, a perfect circle is formed as shown in Figure 2-21C. 
Then at 135° and 180° an ellipse and diagonal line are again formed as shown in 
Figure 2-21D and Figure 2-21E. However, these last two patterns are slanted in 
the opposite direction. 


0° 45° 90° 135° 
360° 315° 270° 225° 180° 


< JONN 
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Figure 2-21 
Typical Lissajous patterns. 


Phase differences at values not shown in Figure 2-21 produce elliptical patterns 
that have shapes midway between the various shapes that are shown. It is impor- 
tant to realize that the Lissajous pattern changes from a diagonal line, to an el- 
lipse, to a circle, then back to an ellipse, and finally back to a diagonal line as the 
phase difference increases from 0° to 180°. For phase differences between 180° 
and 360°, the sequence repeats but in the opposite direction as shown. 


Lissajous patterns enable the oscilloscope to become a reasonably accurate phase- 
measuring device. However, the accuracy of the measurements taken depend 
largely upon the skill of the individual using the scope. Also, the waveforms 
must be sinusoidal in shape to produce the patterns shown in Figure 2-21. 
Nonsinusoidal waveforms produce irregular shaped patterns which are extremely 
difficult to analyze. 
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Programmed Review 


24. An oscilloscope is capable of visually displaying an AC waveform on 
the screen of a tube or CRT. 


. (cathode ray) To measure an AC voltage, you connect the oscilloscope’s 
terminals in parallel with the AC voltage 
source. 


. (vertical input) The AC voltage applied to the scope is amplified and 
then applied to the vertical deflection plates in the CRT. These verti- 
cal plates cause an electron beam to move up and down and effec- 
tively paint a vertical trace on the of the CRT. 


. (screen) A sawtooth waveform is generated within the scope and ap- 
plied to the horizontal deflection in the CRT. 


. (plates) The sawtooth waveform causes the electron beam to move 
horizontally across the screen. Since the beam moves at a linear rate, 
it produces what is commonly referred to as a time 
base. 


. (horizontal) When the input AC waveform and the 
waveform are both applied to the deflection plates, the input wave- 
form is displayed on the CRT. 


. (sawtooth) You can use an oscilloscope to measure the peak-to-peak 
or peak voltage of a waveform because the instrument uses a graticule 
which has vertical and horizontal lines. The sensitivity of the instru- 
ment can be adjusted so that a specific number of volts at the input 
terminals cause the electron beam to move a specific distance on the 


. (graticule) If you adjust the scope so that it has a vertical sensitivity of 
co 20 volts per centimeter and the waveform on the screen has a total 
vertical height of 6 centimeters, the AC waveform has a peak-to-peak 

value of volts. 
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32. (120) You can measure the period of an AC waveform by observing 
the horizontal width of just one of the waveform dis- 
played on the screen. 


. (cycle) The time that is required for the beam to move a specific dis- 
tance across the screen can be adjusted to make it possible to accu- 
rately measure the total required for one cycle to occur. 


. (time) If the scope has been adjusted so that the beam requires 2 mil- 
liseconds to move 1 centimeter, and one cycle of the waveform on the 
screen has a width of 8 centimeters, the period of the waveform is 

milliseconds. 


. (16) You can determine the frequency of an AC waveform with the 
equation f = 1/T. Therefore, if the period of the waveform is 16 milli- 
seconds (.016 seconds), the frequency must be Hz. 


. (62.5) Itis also possible to determine phase relationships between sine 
waves with an oscilloscope. The scope produces Lissajous patterns 
that have distinct shapes which correspond to various 
differences. 
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RESISTANCE IN AC CIRCUITS 


Now that you have examined some of the basic test instruments that you can use 
to measure AC values, you will analyze some fundamental AC circuits and the 
rules which apply to these circuits. 


For now, you will study AC circuits which contain only resistance. First, you will 
learn about the relationship between current, resistance, and voltage, in these 
purely resistive circuits, and compare them to similar DC circuits. Later in this 
course, you will examine more complex AC circuits which contain additional 
properties such as inductance and capacitance. However, you must have a com- 
plete understanding of simple resistive circuits before you can advance to more 
complex concepts. 


Basic AC Circuit Calculations 


To form a basic AC circuit, you can connect a load resistance across an AC volt- 
age source as shown in Figure 2-22A. Although a resistor is used in this circuit, 
any resistive component such as a lamp or heating element has the same effect. 
Such devices are, for all practical purposes, purely resistive and have a negli- 
gible amount of inductance or capacitance. 


1) I 
AC 
VOLTAGE 
SOURCE R 


(E) 


® 


Figure 2-22 
Current and voltage in a resistive AC 
circuit. 


The voltage source could be an AC generator or an electronic circuit that pro- 
duces an AC voltage. When this voltage is applied across the resistor, a corre- 
sponding AC current is produced that flows through the resistor. This current 
varies in amplitude and direction and is in phase with the applied AC voltage. In 
other words, the current is zero when the voltage is zero and it reaches its maxi- 
mum when the voltage is maximum. When the voltage changes polarity, the cur- 
rent also changes direction. The voltage and current in a purely resistive AC 
circuit are in phase. 
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This phase relationship, between the voltage and current, is shown graphically in 
Figure 2-22B. The illustration shows that the voltage (E) waveform and the cur- 
rent (I) waveform pass through zero and maximum at the same time. Both E and 
I also change direction at the same time. The two waveforms do not have exactly 
the same peak amplitude because they represent different quantities and are mea- 
sured in different units. They are drawn together only to show that they occur 
simultaneously. 


The value of current flowing through the resistor in Figure 2-22A, at any given 
instant, depends upon the voltage at that instant and the circuit resistance, which 
remains constant. You can use Ohm’s Law to determine the current at any instant 
just like you do for a DC circuit. In other words, the same rules and laws that 
apply to DC circuits also apply to AC circuits that are purely resistive. 


Ohm’s Law states that the voltage, current, and resistance are mathematically 
related as follows: 


E=IxR 


This equation states that voltage, which is measured in volts, is equal to current, 
which is measured in amperes, times the resistance, which is measured in ohms. 


You can rearrange this basic equation to show that current is equal to voltage 
divided by resistance. This is expressed mathematically as: 


-E 
IER 


You can also rearrange it to show that resistance is equal to voltage divided by 
current and expressed mathematically as: 


-E 
a | 


When you work with AC circuits, you will seldom use instantaneous values of 
voltage and current in AC calculations. In most cases, you will use the effective 
values of these quantities instead. As you learned earlier, the effective value of an 
AC voltage or current sine wave is equal to 0.707 times its peak or maximum 
value. An AC current sine wave with an effective value of 1 ampere effectively 
produces the same amount of heat in a given resistance as a DC current of 1 
ampere. Therefore, when you use effective values you are expressing the AC 
quantity in terms of its DC equivalent value. 








You can use Ohm’s Law with effective values just as easily as with instantaneous 
values. In other words, you obtain the effective value of E if you multiply the 
effective value of I by R. Likewise, you can determine the effective value of I 
when you divide the effective value of E by R. Also, R is equal to the effective 
value of E divided by the effective value of I. 


Consider a typical circuit that has an AC voltage source with an effective value 
of 100 volts and a resistance of 100 ohms, as shown in Figure 2-23. According to 
Ohm’s Law, the effective value of current (I) is equal to: 


t= E _ 100 volts 


R 100chms ipere 


Therefore an effective voltage (force) of 100 volts causes an effective current of 
1 ampere to flow through a resistance of 100 ohms. 


E 
I= — =1A 
R 
o> 


E = 100V R = 100Q 


Figure 2-23 
Finding the effective value of 
an AC current. 


Now consider a circuit in which you know resistance and current and you must 
determine the voltage. For example, in Figure 2-24 the current has an effective 
value of 3 amperes and a resistance equal to 50 ohms. According to Ohm’s Law, 
the applied voltage must have an effective value of: 


E = JR = (3 A) (50 ohms) = 150 volts 


1=3A 
«> 
Ow) R = 500 
E=IR 
E = (3) (50) 
E = 150 VOLTS 
Figure 2-24 


Finding the effective value of 
AC voltage. 
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Series AC Circuit Calculations 


The current in a purely resistive circuit is always in phase with the applied volt- 
age, even when more than one resistor is used. For example, the single resistor 
shown in Figure 2-22A could be replaced with two series resistors so that a simple 
series circuit is formed as shown in Figure 2-25A. The current flowing through a 
circuit is limited by the total resistance of the circuit which is the sum of the two 
resistances. This current has the same value, at any given instant, at all points in 
the circuit. Also, this current is in phase with the applied voltage. This in-phase 
relationship between the applied voltage, Ea, and circuit current is shown in 


Figure 2-25B. 
Eq = Ey+Eo 
Ey 
Ry 
EA Ro E2 
En =Ey+Eo 





Figure 2-25 
Current and voltage in a series circuit. 


Since the current flows through both R; and Ro, there is a voltage drop across 
each resistor. The voltage drop across each resistor at any given instant is equal 
to the product of the circuit current at that instant and the resistor’s value. The 
two voltages, designated as E, and E,, are in series, and when you add together 
their instantaneous values, the total equals the applied voltage at that specific 
instant. In other words, E, and E, are in phase with E,, and their combined val- 
ues, E, + E,, is always equal to E,. This in-phase relationship between E,, E,, 
and E, is shown in Figure 2-25B. Note that all three of these voltages are in phase 
with each other and they are also in phase with the circuit current. 


As you learned earlier, it is common practice to use effective values of current 
and voltage when you analyze AC circuits. To illustrate this point, consider a 
typical series AC circuit. Suppose that the AC voltage source has an effective 
value of 150 volts and that R,; and R, have values of 50 ohms and 100 ohms 





respectively as shown in Figure 2-26. The total resistance of the circuit, Ry is 
equal to R, + Ry. Therefore, Ry equals 50 ohms + 100 ohms or 150 ohms. The 
circuit contains a single 150 ohm resistor as far as circuit current is concerned. 
Therefore, the current equals E; divided by Ry or: 


_ 150 volts _ 
techs 
R4 = 500 


Se Feat @ Ro = 1000 
2 


Figure 2-26 
Calculating current and voltage 
in a series circuit. 


This current value of 1 ampere represents the effective value of circuit current. 
The current flows through R, produces a voltage drop which, according to Ohm’s 
Law, is equal to the circuit current times the resistance of R, or: 


E, = IR, = (1A) (50 ohms) = 50 volts 


This same current flows through R, and produces a voltage across this resistor 
of: 


E, = IR, = (1A) (100 ohms) = 100 volts 


Note that these voltage drops are proportional to the resistor’s values. Also, these 
voltages are expressed in effective values. The sum of these two effective volt- 
ages equals the effective value of the applied voltage. This is expressed math- 
ematically as: 


E, = E, + E, = 50 V + 100 V = 150 volts 


This example shows how effective AC values are used in a simple series AC 
circuit. As you can see, these effective values are used the same way that DC 
values are used. The same rules that apply to a series DC circuit, that contains 
only resistance, also apply to a series AC circuit which contains only resistance. 
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Parallel AC Circuit Calculations 


When two resistors are connected in parallel and an AC voltage is applied to 
them as shown in Figure 2-27A, the total current (Ir) supplied by the voltage 
source is in phase with the applied voltage (E,). This in-phase relationship be- 
tween E4 and Iris shown in Figure 2-27B. However, the total current divides and 
flows through the two resistors R, and R. These two currents are designated as 
I, and I, in Figure 2-27A. 


The individual currents are in phase with Iy, and their instantaneous values add to 
produce I; as shown in Figure 2-27B. Therefore, at any given instant I; equals 


the sum of I, and I. 


The applied voltage appears across both resistors, and this voltage is in phase 
with currents Ir, I,, and I, as indicated in Figure 2-27B. 


Ip=]y+Io 





Figure 2-27 
Current and voltage in a paraliel circuit. 


To illustrate how you use effective values when to analyze the parallel circuit in 
Figure 2-27, consider a typical parallel circuit. Suppose that the applied voltage 
is 150 volts and R, and R, have values of 50 ohms and 100 ohms respectively as 
shown in Figure 2-28. 








Figure 2-28 
Calculating current and voltage ina 
parallel circuit. 


To determine the value of branch current Į}, divide the applied voltage by the 
branch resistance (R;). The value is: 


Le 150 volts 


i Soohkme 7 peres 


The current through R, is the same applied voltage divided by R,: 


L= 150 volts 


s=Sq0ahme 1.5 amperes 


Total current (Iy) is the sum of the branch currents: 
Ir=[ + =3A+1.5 A= 4.5 amperes 


Since the total current is 4.5 amperes and the applied voltage is 150 volts, you 
can again use Ohm’s Law to determine the equivalent or total resistance of the 
circuit. In other words, the total resistance is: 


__150volts _ 
R= 4.5 amperes $e ;s.onms 


The circuit functions as if it contains one resistor that has a value of 33.3 ohms. If 
you connect a resistor with this value across the voltage source, the total current 
will be the same. 


All of the current and voltage values that were just used are effective values. You 
use them in exactly the same way as you use DC current and voltage values in 
DC parallel DC circuit. 
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You can calculate the total resistance of a parallel circuit with the reciprocal 
formula for resistors connected in parallel. The formula is: 


A 1 
Aea We rages 
R, RR, 


This reciprocal formula works for any number of resistors that are connected in 
parallel. 


When you have only two resistors connected in parallel, you can use the product 
over the sum method to calculate the total resistance like this: 


R, xR, 
R, +R, 
When all of the resistors that are connected in parallel have the same value, you 


can simply divide the value of one resistor by the total number of resistors that 
are connected in parallel: 





Ry = 


R,= the value of one resistor 
number of resistors in parallel ~, 


The last method that you can use to calculate total resistance in a parallel circuit 
is called the assumed voltage method. In this method, you do not need to know 
the actual value of the applied voltage or the branch currents. You assume a 
voltage (use a voltage that you can evenly divide by each of the resistors that are 
in parallel whenever practical). Next, divide the assumed voltage by each branch 
resistance to obtain the individual assumed branch currents. Now add the calcu- 
lated branch currents to obtain an assumed value for Ir. The last step to determine 
Ry with the assumed method is to divide the assumed voltage by the assumed 
total current. This results in the actual total resistance of the paralleled resistors. 
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Power in AC Circuits 


In an AC resistive circuit, power is consumed by the resistive component in the 
form of heat, just like it is in a DC resistive circuit. The power in either a DC or 
AC circuit is measured in units called watts. 


In a DC circuit, power in watts is equal to current in amperes times voltage in 
volts. The following equation shows this relationship mathematically: 


P=E 


The same relationship applies to AC circuits which contain only resistance. In 
other words, you can multiply the current at a specific instant by the voltage of 
that instant to determine the instantaneous power. After you multiply all of the 
instantaneous values for a complete cycle of voltage and current, you find that 
the power curve follows the voltage and current changes. In other words, AC 
power is proportional to the product of voltage and current at any point on their 
curves. 


A simple AC circuit is shown in Figure 2-29. The power consumed by the resis- 
tor in this circuit varies with the product of the current through the resistor and 
the voltage dropped by the resistor. The relationship between power, current, and 
voltage is shown in Figure 2-29B. Note that the power curve, or waveform, does 
not extend below the zero axis (horizontal line). This is because the power is 
effectively dissipated in the form of heat, no matter which direction current flows, 
and it is assumed to have a positive value. Note that power reaches its peak value 
when both E and I are maximum. Likewise, power drops to zero when both E 
and I equal zero. 






AVERAGE 


J POWER 


Figure 2-29 
Power in an AC circuit. 
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Since the power fluctuates between a peak value and zero, the average power 
that is used by the circuit is midway between these two extremes. In other words, 
if you draw a line midway between the peak and zero values, the line will indi- 
cate the average power being used. It is average power that is most important in 
AC circuits. Average power is the power that is actually used in AC circuits. 


To calculate the average power dissipated in an AC circuit, multiply the effective 
value of current times the effective value of voltage. Therefore, you can use the 
power equation, P= IE, in AC calculations as long as you use the effective values 
of I and E. For example, suppose the resistor in Figure 2-29 has a value of 100 
ohms and the applied voltage has an effective value of 100 volts. The current in 
the circuit is: 


_ 100 volts 


~ 100 ohms — Tampere 


You multiply the effective current value of 1 ampere by the effective value of the 
applied voltage as follows: 


P = IE = (1 A) (100 V) = 100 watts 
The resistor consumes (dissipates in the form of heat) 100 watts of power. 


At times, it is convenient to use another form of the power equation that ex- 
presses power in terms of voltage and resistance. This equation states that power 
is equal to the voltage squared (E”) divided by the resistance and is stated math- 
ematically as: 


2 
Pap 


You could have used this form of the power equation to solve the previous prob- 
lem. It eliminates the step that calculates the current through the resistor. 


You can also express the power equation in terms of current and resistance as: 
P=LR 


This equation simply states that power is equal to the current squared times the 
resistance. 


The various forms of the power equation provide several means of calculating 

power. You can use combinations of known values of current, voltage, and resis- | 
tance to find unknown values. These equations also work for DC circuit calcula- } 
tions. 
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Programmed Review 





38. When an AC voltage is applied to a resistor, the current that flows 
through the resistor varies in accordance with the AC voltage. There- 
fore the AC current and the AC voltage are 


. (in phase) You can use Ohm’s Law to determine the current at any 
given instant. In other words, the current at a given instant depends 
upon the at that instant and the circuit resistance. 


. (voltage) When you calculate AC values, instantaneous values are sel- 
dom used. Instead, it is common practice to use the 
values of the currents and voltages involved. 


. (effective) If an effective voltage (E) of 100 volts is applied to a resis- 
a tance (R) of 25 ohms, the current through the resistor has an effective 
, value of amperes according to Ohm’s Law (I = E/2). 


. (4) In a series circuit which contains more than one resistor, the cur- 
rent in the circuit is still in phase with the applied 


. (voltage) The voltages dropped across each resistor in the series cir- 
cuit are in phase with each other and with the applied voltage. At any 
given instant, the sum of these voltage drops is equal to the applied 


. (voltage) If a series circuit contains a 10 ohm resistor (R,) and a 20 
ohm resistor (R,) which are connected to an applied voltage (E,) that 
has an effective value of 90 volts, the circuit allows an effective cur- 
rent of amperes to flow according to Ohm’s Law. 


. (3) When two resistors are connected in parallel, the current through 

each resistor (I, and I) is in phase with the voltage (E) applied to these 

m resistors. These individual currents are in phase and they combine or 
. add to produce a total (1). 
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46. (current) If an effective voltage (E) of 200 volts is applied to two par- 
allel resistors, and the currents through these resistors have effective 
values of 3 and 7 amperes respectively, the total current (L) in the 
circuit has an effective value of amperes. 


. (10) The circuit just described has a total or equivalent resistance (R,) 
of ohms according to Ohm’s Law. 





. (20) You can easily determine the power in a resistive circuit by mul- 
tiplying the effective values of voltage times the effective value of 


49. (current). 
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EXPERIMENT 1 





Measuring AC Voltages 


OBJECTIVES: To demonstrate how you use an AC voltmeter to measure 
AC voltages. 


To show the relationship between AC voltage and current 
in a series circuit. 


To illustrate that Kirchhoff’s Voltage Law applies to AC 
circuits. 


Introduction 


In this experiment, you will construct a series-resistive circuit on your Trainer 

a and measure the AC voltages that appear in the circuit. You will use Kirchhoff’s 

i and Ohm’s Laws to perform calculations and compare your calculated values 
with your measured values. 


The 15 VAC (15-volt AC) source on your trainer provides the AC voltage for this 
experiment. Figure 2-30 shows a typical front panel area where you might obtain 
this voltage. Note that there are two 15-volt AC sources. Terminal 2 is a common 
ground for these sources. Also, remember that all of the indicated voltage values 
are effective voltage values. 


LINE FREQ 





( _ Figure 2-30 
Å This area of your Trainer provides the 
AC voltages for these experiments. 
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Before you begin this experiment, read the instructions provided with your volt- 
meter to be sure that you understand how to change voltage ranges and interpret 
the indications on the different voltage scales. Also review the operations and 
applications section of the manual for your Trainer. 


Material Required 


Heathkit Analog Trainer 

AC Voltmeter 

1 — 470 Q, 1/2-watt resistor (yellow-violet-brown) 
2 — 1 kQ, 1/2-watt resistors (brown-black-red) 


Procedure 


1. Be sure that the POWER switch on your Trainer is in the off position. Then 
plug in your Trainer’s line cord. 


2. Construct the circuit shown in Figure 2-31. To do this, follow the wiring "~ 
diagram shown in Figure 2-32. This circuit contains a 1000 ohm resistor ; 
designated as R4, a 470 ohm resistor, R3, and a 1000 ohm resistor, R3. These 
three resistors are connected in series. The AC voltage applied to these re- 
sistors has an effective value of approximately 15 volts. 


R2 
4700 





Figure 2-31 
Experimental circuit. 





Figure 2-32 
Wiring diagram for experimental circuit. 
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3. Turon your Trainer. Measure the 15 VAC applied voltage with your volt- 
meter. When you do this, be sure that the meter ground is connected to the 
circuit ground at terminal 2. Although AC meters are not normally polarity 
sensitive, it is necessary to observe polarity in this and the following ex- 
periments because both the negative lead of the meter and the Trainer may 
share the same earth ground. 


The voltage that you measure may be slightly greater or less than 15 volts. 
Indicate the applied voltage, E,, in the blank provided below. 


E A= volts. 


4. Use Ohm’s Law to calculate the current in the circuit. First, add R,, R,, and 
R; to find the total resistance. The total resistance is equal to: 


Rr =R; + R, + R; = ohms 


Now divide the applied voltage measured in step 3 by the total resistance to 
calculate the current, I. Record your answer in the blank below. 


I= => = amperes 


5. Now use Ohm’s Law to calculate the voltage drops across resistors R4, R3, 
and R3. Enter your answers below. 


E, =IxXR,= volts 
E, =IxR,= volts 
E; =I x R; = volts 


6. Now, observe polarity and measure the voltage across resistor R3. To do 
this, connect the negative lead (usually the black probe or a ground clip) to 
the grounded side of resistor R; at point A in Figure 2-32, and the positive 
meter lead (usually the red probe) to the other side of R; at point B. Record 
the voltage in the blank provided below. 


E, = volts 


Is this the same voltage value that you calculated for E; in step 5? 
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7. Measure the voltage drop across resistors R, and R3. Leave the meter nega- 
tive lead in place at point A and move the positive lead to point C. The 
voltage measured at point C is: 


En3=———  — volts 


Now subtract the voltage drop across R; from the voltage drop across R, 
and R; to calculate the voltage drop across R3. 


E,=E.3;-E3;= volts 
Is this voltage the same as the voltage that you calculated for E, in step 5? 
8. Now measure the voltage drop across the entire circuit. To do this, leave the 
ground lead in place while you connect the other lead to point D in Figure 
2-32. Write the value of this voltage in the space provided below. 
E, = volts 


Now subtract the voltage drop across R, and R; from E; to calculate the 
voltage drop across R,. The voltage drop across R, is: 


E =E -Ex.3= volts 
Is this the same as the voltage drop that you calculated for R, in step 5? 
9. What is the reason for any deviation between the voltage values you calcu- 


lated in step 5 and the actual values you obtained from the voltage measure- 
ments? 











10. Turn off the Trainer and read the following discussion. 
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Discussion 


After you constructed the series circuit in this experiment, you measured the 
applied voltage, E,. The nominal value is 15 VAC but the voltage supplied by 
your trainer may have been slightly above or below this value. The following 
explanation uses the 15 VAC nominal value. 


Next you used Ohm’s Law to determined the current through the circuit. First 
you added the values of the individual resistances in the circuit to determine the 
total resistance, Ry. This value should be 2470 ohms. 


Then, you divided the applied voltage by the total resistance to calculate that the 
current, I, is approximately .006 amperes or 6 milliamperes. 


You next used this current and the various resistor values to calculate the voltage 
drops across the resistors. These are approximately: 


E; =6V 
E, =2.8 V 
E;=6V 


In steps 6, 7, and 8, you determined the actual voltage drops across the resistors. 
These probably did not correspond to the values that you calculated in step 5. 
There are two reasons for this. 


First, a certain amount of error is inherent in any meter. Typically, analog AC 
meters are accurate to within plus or minus 5%. If you use a digital meter, gener- 
ally speaking, your results will be somewhat more accurate. 


Second, the components in the circuit have tolerances of plus or minus 5%. This, 
combined with the tolerance in meter accuracy, can at times cause significant 
variations between calculated and measured values. 


With Kirchhoff’s Voltage Law you were able to compare calculated voltages to 
measured voltages. Kirchhoff’s Voltage Law: around a closed loop, the sum of 
the voltage drops is equal to the sum of the voltage rises. Another way of saying 
the same thing is: around a closed loop, the algebraic sum of all the voltages is 
Zero. 


Ea -E -E2 -E3 =0 V 
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EXPERIMENT 2 


The Oscilloscope 
OBJECTIVES: To demonstrate the operation of an oscilloscope. 


To show how to use an oscilloscope to determine period, 
frequency, amplitude, and shape of an AC signal. 


To demonstrate the phase relationship between current and 
voltage in an AC circuit. 


To show how to measure and calculate peak, effective, and 
peak-to-peak values. 


Introduction 


Read this entire experiment before you begin to perform it. You will use an oscil- 
loscope to measure the outputs from the Heathkit Analog Trainer. In addition, 
you will use information from your oscilloscope to make a number of calcula- 
tions. This experiment is designed to help you understand AC sine wave charac- 
teristics. 


You will study both the 15 VAC LINE FREQUENCY and AC signals from the 
GENERATOR section of your trainer. Figure 2-33 shows a typical front panel 
area where you can obtain these voltages and signals. Your trainer model may 
vary slightly from this illustration, but you should easily recognize these sec- 
tions. Take a moment to locate each section. The 15 VAC terminal is described in 
Experiment 1. The GENERATOR section can supply either sine or square waves 
that, in most cases, vary in frequency from 200 Hz to 20 kHz. 


LINE FREQ GENERATOR 


1kKHze10 kHz 
l 





LOW m3 HIGH 


~ å Y bh 


SINE GND SQUARE 





Figure 2-33 
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Before you begin this experiment, review the operation and applications section 
of your Trainer Manual. 





Before you apply power to your oscilloscope, you should make certain adjust- 
ments. These adjustments begin on page 2-62 under “Procedure.” 


The locations and labels for the controls shown in Figure 2-34 are for a two-input 
(dual-trace) Heathkit Oscilloscope. Since the oscilloscope terminology is rela- 
tively standard, you should have no problem converting these instructions to any 
other oscilloscope. 












INTENSITY - Clockwise rotation increases the 
brightness of the display. Adjust as necessary 
for your room lighting conditions. Refocusing 
may be necessary when you change the 
intensity. CAUTION: Do not allow a bright spot 
to remain on the screen as this could damage 
the CRT. 


“A” VERTICAL 
POSITION 

















FOCUS - Varies the shape and size of the beam 
striking the face of the CRT. Adjust for the sharpest 
display. 












“B” VERTICAL 
POSITION 


TRIG. LEVEL 


HORIZONTAL 
POSITION 
SWEEP 

VARIABLE 






*B” AC-GND-DC 
(Input switch) 


*B” VERTICAL INPUT 
“A" VOLTS/DIV “B” VOLTS/DIV 


“A” VARIABLE — This control is normally operated in its 
fully clockwise (CAL) position where the VOLTS/DIV 
switch positions are calibrated. Vertical gain decreases 
as you turn this control counterclockwise, which allows 
you to adjust the vertical trace size. However, the 
vertical display is then uncalibrated. 















“A" VERTICAL INPUT CHA-CHB(X-Y)-DUAL-ADD 


“A* AC-GND-DC 
(Input switch) 




















“B” VARIABLE - This control is normally operated in its 
fully clockwise (CAL) position where the VOLTS/DIV 
switch positions are calibrated. Vertical gain decreases 
as you turn this control counterclockwise, which allows 
you to adjust the vertical trace size. However, the 
vertical display is then uncalibrated. 





Figure 2-34 
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Material Required 


Heathkit Analog Trainer 

Dual-trace oscilloscope with a X10 (times ten) probe for the Channel A Vertical 
input, and a second probe, or test cable, for the Channel B Vertical input. 

1 — 100 Q, 1/2-watt resistor (brown-black-brown) 

1 — 1 kQ, 1/2-watt resistor (brown-black-red) 

1 — .01 pF capacitor 

1 — 47 kQ, 1/2-watt resistor (yellow-violet-orange) 


Procedure 


NOTE: The following steps were written for a dual-trace oscilloscope. If you 
have a single-input oscilloscope, some controls may be labeled differently. 


1. Turn the INTENSITY control to midrange. 
2. Set the TRIGGER SOURCE switch to the CHA position. 
3. Set the TRIGGER COUPLING switch to the AUTO position. 


4. Set the TIME/DIV control to the 2 mS position and the SWEEP VARI- 
ABLE to CAL. 


5. Set the HORIZONTAL POSITION control to midrange. 

6. Set each AC-GND-DC switch to the GND position. 

7. Set each VOLTS/DIV control to 1V and its VARIABLE to CAL. 
8. Set the VERTICAL MODE switch to CHA. 

9. Set the VERTICAL POSITION control to midrange. 

10. Connect the oscilloscope to the proper power source. 

11. Turn the POWER switch ON. 


12. Allow the oscilloscope to warm up for one minute, then adjust the VERTI- 
CAL POSITION and HORIZONTAL POSITION controls to center the 
sweep on the scope. 


13. Adjust the FOCUS control for a sharply focused presentation. 
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Discussion 


Your oscilloscope is now ready to measure an AC signal. At this time, however, all 
you see is a single horizontal sweep, or trace. That’s because there is no signal 
applied to the channel A (channel 1) vertical input—the input is grounded. 
Procedure (Continued) 


14. Set the CHANNEL A AC-GND-DC switch to the AC position. 


15. Attach the X10 probe to the CHANNEL A INPUT of the oscilloscope, or 
“scope.” Make sure the probe’s switch is set to X10. 


WARNING: In the following step, be sure that the ground clip is NOT 


connected to pin 1 or pin 3. This would directly ground the output of the 
power transformer and blow the Trainer’s power fuse. 





16. On the Trainer, use a short jumper wire to connect the probe tip to either Pin 
1 or Pin 3 of the Line Frequency output. Connect the ground clip from the 
probe to the center tap ground, Pin 2, of the Line frequency output. The 
connection is shown in Figure 2-35. 


~ 





Figure 2-35 
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17. Make sure that the TIME/DIV control is set to the 2 mS-per-division posi- 
tion. If you do not have a 2 mS position, any setting of this control which 
gives from one to three complete waveforms on the scope display is ad- 
equate for this experiment. 


18. Make sure the CHANNEL A VARIABLE control is in its calibrate posi- 
tion. 


19. Make sure the SWEEP VARIABLE control is in the calibrate position. 
20. Make sure the TRIGGER COUPLING control is set to the AUTO position. 


You should now have a presentation similar to the one shown in Figure 
2-36. 
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Figure 2-36 














Discussion 


The waveform shown on your oscilloscope is a sample of the line frequency 
signal that is applied to the power supply of the Trainer. The clipping, or smooth- 
ing, of the peaks of this signal is due to the saturation of the transformer core in 
the Trainer output during current peaks. This has no major effect on the next 
portion of this experiment. (In some Trainers, this clipping does not occur.) 
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Procedure (Continued) 


21. Determine the horizontal width, in centimeters, of one cycle of the wave 
form displayed on the oscilloscope screen. The signal is cm 
long. 


22. Now determine the period of the waveform displayed on the screen. The 
period is milliseconds (mS). 


(if you have any difficulty with the preceding two steps, refer to the discus- 
sion on Page 2-37 of your text). 


23. Now that you have determined the period of the AC waveform, it is pos- 
sible to calculate the frequency of the signal. The frequency is 
Hz. 


(If you have any difficulty determining the frequency, refer to the discus- 
sion on Page 2-38 of your text). 


24. Refer to the waveform on your oscilloscope. Use the horizontal and vertical 
controls to display a waveform presentation in the center of the screen, that 
has equal positive and negative alternations. Determine the height of one 
alternation of the waveform in centimeters. The height is cm. 





If you have any problem with this or the following two steps, refer to the 
Discussion on Page 2-36. 


25. Use the height of the AC waveform from the previous step to calculate the 
peak amplitude of the AC waveform. The peak amplitude of the signal is 
volts. 


26. Now, calculate the peak-to-peak voltage of this AC signal. The peak-to- 
peak voltage is volts. 


27. Refer to the peak voltage you calculated in step 25. Is there any difference 
between this value and the stated 15 VAC output from the Trainer? 
If so, why is there a difference? 
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Discussion 


Each graticule on the face of the oscilloscope is 1 centimeter by 1 centimeter To 
determine the horizontal width of one cycle of an AC waveform, count the num- 
ber of graticules which are encompassed by a cycle. In the case of the example 
waveform, the signal is about 8.3 cm long. 


After you determine the width of the waveform, multiply the width by the setting 
on the TIME/DIV control to determine the period of the signal. During the ex- 
periment, the TIME/DIV control was set at 2 mS. Therefore, the period of the 
signal is: 


8.3 x2 mS = 16.6 mS 


Once you know the period of the signal, you use the following equation to calcu- 
late the frequency: 


ap st Sa 
f= += 66 ms 7 00 Hz 


This is the line frequency of the signal supplied by the Trainer. You can use the 
preceding method to calculate the frequency of any AC signal. 


The United States has a standard line frequency of 60 Hz. Although many for- 
eign countries use a standard of 50 Hz, you can assume that your experiments 
maintain a 60 Hz line frequency, unless otherwise called for in an experiment. 


It is also possible to calculate the amplitude of an AC signal with an oscilloscope. 
To do this, you must first know the height of one peak of the AC waveform. The 
peak height of the 15 VAC output is between 2.1 cm and 2.2 cm when the oscil- 
loscope is set for 1 volt-per-division and you use a X10 probe. 


Once you know the height, it is a simple matter to determine the actual peak 
voltage. Just multiply the height of the signal in centimeters by the setting on the 
VOLTS/DIV control setting. Remember to compensate for the reduced signal 
level when you use an X10 probe—multiply the reading by ten. 


2.1 cm X 1 volt-per-division x 10 = 21 volts 


Since 21 volts is the peak voltage, you can multiply the peak value by 2 to deter- 
mine the peak-to-peak value: 


21 volts X 2 = 42 volts p-p 


The peak-to-peak voltage of the waveform is 42 volts. 
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The calculated peak voltage of 21 volts is significantly larger than the 15 VAC 
that is indicated as the output of the power supply. This is because the output of 
the power supply is given in effective volts. To calculate the effective voltage of 
a signal that has a 21 volt peak, multiply 21 volts by .707: 


21 volts peak x .707 = approximately 15 volts effective 
Remember that unless it is otherwise stated, AC voltages are always presented as 


effective (rms) values in documents and on equipment. 


Procedure (Continued) 


28. Construct the circuit shown in Figure 2-37. For now, connect the sine wave 
generator output, at the wiper arm of the 1 kilohm pot, to point B in the 
circuit. 





Figure 2-37 


29. Adjust the Trainer Generator section for a sine wave with a frequency of 
approximately 2 kHz and center the 1 kilohm pot. 


30. Preset your oscilloscope probes as follows: 


Both VOLI/DIV switches to 2V and their VARIABLE controls to CAL 
Both AC-GND-DC switches to GND 
Connect probes to both vertical inputs (probe switch to X1) 
oo Depress the X-Y switch 
Set the VERTICAL MODE switch to X-Y (CHB) 
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31. 


32. 


33. 


34. 


35. 


36. 


37. 


Connect the oscilloscope Channel A vertical input to point B in the circuit. 
Then, connect the oscilloscope Channel B vertical input to point B. 


The X-Y mode is used in place of the normal scope time base so you can 
observe Lissajous patterns on the display. In the X-Y mode, the scope’s 
internal sweep generator is disabled. Therefore, you will see a dot on the 
screen. You can use the HORIZONTAL POSITION control to move the dot 
horizontally, and Channel B’s VERTICAL POSITION control to move the 
dot vertically. 


Use the HORIZONTAL and Channel B VERTICAL POSITION controls to 
center the dot on the screen. 


Set the Channel A AC-GND-DC switch to DC. You should see a horizontal 
line that is approximately 4 centimeters long. 


Return the Channel A switch to GND and set the Channel B AC-GND-DC 
switch to DC. You should now see a vertical line that is approximately 4 
centimeters long. 


In the X-Y mode, the signal you apply to the channel B vertical input con- 
trols X-axis deflection. The signal you apply to the channel A vertical input 
controls Y-axis deflection. You may have noticed that the Channels on your 
oscilloscope are labeled X and Y. The length of the vertical or horizontal 
line that is displayed is determined by the amplitude of the input signals and 
the settings of the VOLTS/DIV switches. That’s how you produce a Lissajous 
pattern on an oscilloscope display. You use one signal to control vertical 
deflection and a second signal to control horizontal deflection. 


Set the Channel AAC-GND-DC switch to DC and observe the display. Use 
the 1 kilohm pot on the Trainer to adjust the length of the waveform to 
approximately 5 divisions. 


Use the oscilloscope’s vertical and horizontal controls to center the wave- 


form on the display. What does the waveform look like? 


Move the probe coming from the scope’s Channel A input from point B to 
point C in the circuit. What happened to the waveform? 
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38. Move the wire coming from the wiper of the 1 kilohm pot from point B to 
point A. Then, move the probe coming from the scope’s Channel A vertical 
input from point C to point A in the circuit. What happened to the wave- 
form? 


39. Switch the Trainer off and remove the circuit components from the Trainer. 


Discussion 


In this portion of the experiment, you measured the phase difference between 
two sine waves, one represented voltage and the other current. You began by 
establishing a reference. You applied two identical sine waves to the X and Y 
scope inputs to setup a 45-degree Lissajous pattern, or waveform, on your scope. 
Because both VOLT/DIV switches were set to 2V/division, the signals produces 
equal vertical and horizontal deflection, which resulted in a 45-degree reference 
trace. Ideally, you should have see a straight line as shown in Figure 2-38A. 
What you may have seen was a very thin ellipse which indicates a small amount 
of phase shift. This is caused by improperly matched scope probes. Each probe 
induces a small amount of delay, or phase shift, due to its internal capacitive and 
inductive reactance. You’ll learn more about these characteristics later in the 


course. 
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Figure 2-38 
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In Step 37, you moved the probe coming from the scope’s Channel A input to 
point C in the circuit and observed the change in phase when an AC signal passes 
through a resistor. The voltage at point B was the input voltage and the voltage at 
point C was the voltage drop across the 100 ohm resistor. Thus, you can see any 
current phase shift in the voltage at point C. If you looked very carefully, you 
might have seen a slight rotation of the waveform, but no change in its shape. 
The rotation was simply caused by the small voltage drop across the resistor, not 
by any current phase shift. True phase shift only shows up as a change in the 
shape of the Lissajous pattern. 


Finally, in Step 38 you added a capacitor to the circuit and observed its effect on 
the phase of the current through the circuit. This time, the scope showed a pattern 
that is similar to the one in Figure 2-38B. This told you that the capacitor changed 
the phase of the current in relation to the applied voltage. Later, you will learn 
more about how capacitors and other circuit components change the phase of an 
AC signal. You will also observe other Lissajous patterns on your oscilloscope. 


SUMMARY 


A variety of AC meters are used to measure both AC current and AC voltage. 
One of the most popular types is the rectifier-type, moving-coil meter, although 
moving-vane meters, thermocouple meters, and clamp-on meters are also used. 


A meter that is used to measure current is called an ammeter. Normally an amme- 
ter must be connected in series with the current to be measured. The circuit under 
test must be turned off while you connect the ammeter into the circuit. Only the 
clamp-on ammeter can be used without breaking the circuit under test. This meter 
clamps over the conductor and measures magnetic field strength. The field strength 
is then converted and displayed as a current. The clamp-on ammeter is used in 
applications that require high currents. 


The oscilloscope is perhaps the most versatile of all test instruments. It can mea- 
sure peak, peak-to-peak, and other instantaneous waveform values. This instru- 
ment can also be used to measure the period and frequency of a waveform as 
well as compare AC sine waves and determine their phase relationships, fre- 
quencies, and amplitudes. 


You can analyze AC circuits which contain only resistance in much the same 
way as DC circuits which contain only resistance. When you analyze AC cir- 
cuits, it is common practice to use effective values of the currents and voltages 
involved. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understand- 
ing of the material presented in this unit. Place a check beside the multiple choice 
answer (A, B, C, or D) that you feel is most correct. After you complete the 
examination, compare your answers with the correct ones that appear after the 
exam. 


1. Which of the following AC meters utilizes a linear scale? 


The radial-vane meter 

The thermocouple meter 

The rectifier-type, moving-coil meter 
The concentric-vane meter 


CAm > 


2. AnAC meter that is used to measure current is referred to as an: 


A. ammeter only. 
B. ammeter, milliammeter, or microammeter. 
C. AC voltmeter. 
D. AC wattmeter. 


3. Except for the clamp-on type ammeter, you must connect all other types of 
AC ammeters: 


A. so that current flows through them in the proper direction. 
B. across the component whose current is to be measured. 

C. in series with the current to be measured. 

D. in parallel with the current to be measured. 


4. Youcan use any AC ammeter to measure AC voltage as long as: 


A. aresistor is connected in parallel with the meter movement. 
B. it does not have a radial-vane meter movement. 

C. it does not have a square-law scale. 

D. you connect it in series with a multiplier resistor. 


5. Ifameter has a square-law scale and the current through the meter increases 
to 5 times its initial value, the meter’s pointer will deflect: 


5 times its initial distance. 

10 times its initial distance. 
15 times its initial distance. 
25 times its initial distance. 


vawe 
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10. 


You can use a shunt resistor to extend the range of a (an): 


A. DC ammeter but not an AC ammeter. 
B. ohmmeter. 

C. ammeter. 

D. voltmeter. 


In order for a wattmeter to measure power, it must measure: 


A. both current and resistance. 

B. both current and voltage. 

C. both voltage and resistance. 

D. current, voltage, and resistance. 


You can use an oscilloscope to perform: 


A. frequency, period, and phase measurements only. 

B. peak and peak-to-peak measurements only. 

C. peak-to-peak, frequency, and period measurements only. 

D. frequency, period, phase, peak-to-peak, and instantaneous measure- 
ments. 


When you observe the vertical height of the waveform displayed on an 
oscilloscope’s graticule, it is possible to determine the: 


peak-to-peak value of the waveform. 

frequency of the waveform. 

period of the waveform. 

phase relationship between the waveform displayed and a second wave- 
form that is applied to the scope’s horizontal terminals. 


DAP > 


When observe the horizontal width of the waveform on a graticule which is 
calibrated in units of time, it is possible to determine the: 


peak value of the waveform. 

period of the waveform. 

peak-to-peak value of the waveform. 

phase relationship between the waveform displayed and a second wave- 
form that is applied to the scope’s horizontal terminals. 


SOW > 
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11. When you analyze AC circuits, it is common practice to use: 


peak current and voltage values. 

peak-to-peak current and voltage values. 
effective current and voltage values. 

effective current values and peak voltage values. 


Dap 


12. The currents and voltages in an AC circuit which contains only resistance: 


A. cannot be calculated according to Ohm’s law. 

B. cannot be evaluated by using the same rules which apply to DC cir- 
cuits. 

C. are out of phase. 

D. are in phase. 
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10. 


11. 


EXAMINATION ANSWERS 


C — The rectifier-type, moving-coil meter uses a linear scale which has 
equally spaced values. The meter pointer deflects a distance that is 
directly proportional to the current flowing through the moving coil. 


B — AC meters that are used to measure current are often called ammeters, 
milliammeters, or microammeters when they are used to measure cur- 
rent in the ampere, milliampere, or microampere range. 


C — Ammeters must be connected in series with the current to be mea- 
sured. This means that it is usually necessary to break the circuit under 
test so that you can insert the ammeter. 


D — A multiplier resistor limits the current through the meter to the proper 
value. 


D — The pointer deflection will increase with the square of the current. 
Since the current increases 5 times, the deflection will increase by 5 
squared (55 or 25 times. 


C — Shunt resistors can be connected in parallel with AC or DC meters to 
extend their current range. 


B — Wattmeters produce a pointer deflection that is proportional to the prod- 
uct of the current and the voltage. 


D — You can perform all of these measurements with the oscilloscope, as 
long as the person using the scope is properly trained. 


A — You can determine peak-to-peak, peak, and instantaneous values in 
this manner. 


B — You can use this method to determine the period, which you can then 
use to determine the frequency. 


C — Effective values of current and voltage are used because they are 
equivalent to DC values. In other words, an effective AC current value 
of 1 ampere is equivalent to 1 ampere of DC current because both 
produce the same amount of heat when they flow through a given 
resistance. You can conveniently use effective values to calculate the 
actual power that is consumed in a resistive AC circuit. 


12. D — This in-phase relationship between current and voltage exists in any 


purely resistive circuit. 


Unit 3 
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INTRODUCTION 


In this unit you will study capacitors, capacitance, and the effects of capacitance 
on an AC circuit. You should already be familiar with capacitors from your study 
of DC electronics. However, to refresh your memory, the first part of this unit is 
devoted to a review of capacitors and capacitance. 


In the remainder of the unit you will study the effects of capacitance on an AC 
circuit. The relationship between voltage and current in a capacitive circuit is 
discussed in detail. In addition, some practical applications of basic capacitive 
circuits is presented. 


The concepts presented in this unit are very important to your understanding of 
AC electronics. Study this unit carefully; be sure to complete all questions and 
perform all of the experiments. 


3-4 | UNIT THREE 


UNIT OBJECTIVES 


When you complete this unit, you will be able to: 


1. 


2. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


Explain what a capacitor is. 

Explain how a capacitor operates. 

List the basic units of capacitance and convert from one unit to another. 
Discuss the factors that effect capacitance. 

List the most commonly used types of capacitors. 


Calculate the total capacitance of capacitors connected in series and in par- 
allel. 


Explain the most common ways in which capacitors fail. 
Define the term phase shift. 


Draw a diagram that illustrates the phase relationship between the current 
and voltage in a capacitive circuit. 


Define capacitive reactance and compute its value in ohms when you know 
the capacitance in farads and the operating frequency. 


Discuss the phase and voltage relationships in a series resistor/capacitor 
circuit. 


Discuss the phase and current relationships in a parallel resistor/capacitor 
circuit. 


Define the term impedance and calculate the impedance of series and paral- 
lel resistive/capacitive circuits. 


List several practical applications for the simple series resistor/capacitor 
circuit. 


Calculate the cut-off frequency for a series resistor/capacitor circuit. 


Use trigonometry to solve RC circuit problems. 
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UNIT ACTIVITY GUIDE 


Completion 
Time 


Read “Review of Capacitors and Capacitance.” 
Read “Review of Capacitors and Capacitance.” 
Complete Programmed Review Frames 1-47. 
Read “Capacitors in AC Circuits.” 

Complete Programmed Review Frames 48-72. 
Read “RC Circuits.” 

Complete Programmed Review Frames 73-101. 
Perform Experiments 3 and 4. 

Read “Applications of Capacitive Circuits.” 
Perform Experiment 5. 

Complete Programmed Review Frames 102-132. 
Complete the Unit Examination. 


Check the Examination Answers. 
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REVIEW OF CAPACITORS 
AND CAPACITANCE 


Before you learn how capacitors arc used in alternating current circuits, it is de- 
sirable to review the basic operation and characteristics of a capacitor. You can 
understand the operation of a capacitor in an A C circuit better if you are familiar 
with the operation of capacitors in DC circuits. This section reviews the key facts 
about capacitors. 


A capacitor is a passive electronic component that stores electrical energy in the 
form of an electrostatic field. In its simplest form, a capacitor consists of two 
conducting plates separated by an insulator called the dielectric. Figure 3-1 shows 
a simple capacitor. It has two square metal plates that are separated by an air 
dielectric. 


PARALLEL 
METAL 
PLATES 


Figure 3-1 
Asimple capacitor. 


When you apply a DC voltage to the plates of a capacitor, the capacitor becomes 
charged. Figure 3-2A shows a battery connected to the simple two-plate capaci- 
tor. The positive terminal of the battery attracts electrons from the left-hand plate 
of the capacitor, which leaves the left--hand plate with a positive charge. Elec- 
trons from the negative terminal of the battery move on to the right-hand plate, 
which gives it a negative charge. In this state, the capacitor is charged. Since the 
positive and negative electrical charges on the plates attract one another, a force 
field is set up between the two plates. However there is no electrical current now 


through the capacitor due to the insulating dielectric between the two plates. The 
only time current flows is when you initially connect the battery. Current flow, or 
movement of electrons, takes place only during brief instant of time that it takes 
for the capacitor to charge. Once the capacitor is charged to a value approxi- 
mately equal to the DC source voltage, current ceases to flow. 
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Figure 3-2 
Charging a capacitor with a battery. 


Most capacitors can be charged in either direction. Figure 3-2B shows how you 
can charge the two plate capacitor in the opposite direction by interchanging the 
battery leads. In this state, the left-hand plate takes on a negative charge and the 
right-hand plate takes on a positive charge. When a capacitor starts to charge, 
current is maximum. As the difference of potential between the battery and ca- 
pacitor charge becomes less and less, current decreases until the capacitor’s charge 
equals the applied voltage. At this instant, there is no difference of potential and 
current ceases to flow. 


When you remove the battery in the circuits shown in Figure 3-2 from the ca- 
pacitor, the electrical charges on the plates remain. The attraction of the positive 
and negative charges on the two plates across the dielectric holds the charges in 
place and the capacitor remains charged. As long as the two plates are insulated 
from one another, the capacitor will remain charged. 
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You can discharge the capacitor by shorting the plates together. To do this, con- 
nect a wire between the plates as shown in Figure 3-3. When you short a capaci- 
tor in this way, the electrons on the negative plate flow through the shorting wire 
to the positively charged plate. Electrons again flow momentarily to create a 
current. The excess of electrons on the right-hand plate neutralize the positive 
charge on the left-hand plate. This discharge action gives the capacitor a neutral 
or zero charge. When a capacitor discharges, initially current flow is maximum 
and decreases as the charge (difference of potential between the plates) decreases. 
Once the plates are neutralized, current ceases to flow. 





SHORTING 
WIRE 


Figure 3-3 
Discharging a capacitor 
by shorting the pilates. 


As you can see, a capacitor can store electrical energy in the form of a charge. 
The capacitor is charged by an external voltage source, then retains that charge 
because the dielectric keeps the oppositely charged plates separated. The capaci- 
tor discharges when a path for current physically connects the two oppositely 
charged plates. The charge is, therefore, neutralized. No current flows through 
the capacitor itself, but current does flow in a capacitive circuit during both charge 
and discharge times of the device. You can best understand this concept if you 
think of the available current flowing to the negative plate during charge; then 
through the shorting connection, from that plate, to the positive plate during dis- 
charge. Figure 3-4 shows the electronic symbols that are used to represent ca- 
pacitors in schematic diagrams of electronic circuits. 


S i OoOo circus | 3-9 


—i— 
HE 
te 


Figure 3-4 
Schematic symbols for a capacitor. 





The ability of an electronic component to store an electrical charge is referred to 
as capacitance. Components that exhibit this characteristic are known as capaci- 
tors. Most capacitors have two leads, each attached to a plate, which are sepa- 
rated by a dielectric. However, capacitance can exist in any situation where two 
conductors are separated by an insulator. For example, capacitance exists be- 
tween an insulated wire running near a metal chassis. The chassis represents one 
plate of the capacitor while the wire represents the other plate. The insulation of 
the wire and any air space between the two conductors represents the dielectric. 
Capacitance not in the form of a physical component is generally referred to as 
distributed or stray capacitance. It exists in all electronic circuits and greatly 
eo affects their operation, especially at high frequencies. 


Units of Capacitance 


The measure of a capacitor’s ability to store an electrical charge is its capaci- 
tance. The unit of capacitance is the farad. One farad of capacitance indicates 
that a capacitor stores one coulomb of charge when the voltage applied to the 
capacitor is one volt. This relationship is expressed below: 

c=2 


C equals the capacitance in farads, Q equals the quantity of the electrical charge 
expressed in coulombs (one coulomb = 6.25 x 10’* electrons), and E represents 
the applied voltage in volts. This expression tells you that the larger the quantity 
of electrons that a capacitor stores for a given applied voltage, the greater its 
capacitance. A large capacitor is capable of storing a large charge even when you 
apply a small voltage. A small capacitor cannot hold a large charge even if you 
apply a large voltage to it. The capacitance is a function of the physical character- 
istics of the capacitor. 
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The farad is a very large unit of measure. A one-farad capacitor is physically very 
large. A capacitor of this size is much larger than is required in most electronic 
applications. Most capacitors that are used in electronic circuits have capaci- 
tances in the microfarad range. Typical capacitors have a capacitance of one mil- 
lionth of a farad or less. One millionth of a farad is called a microfarad (abbrevi- 
ated uF). Another commonly used unit of capacitance is the picofarad (pF) which 
is one millionth of a microfarad. Table 3-1 shows the relationship between the 
farad, microfarad, and picofarad. 


Table 3-1 
Units of Capacitance 


1 farad = 1,000,000 or 10° microfarads 

1 farad = 1,000,000,000,000 or 10"? picofarads 
1 microfarad = .000001 or 10° farad 

1 microfarad = 1,000,000 or 10° picofarads 


1 picofarad = .000000000001 or 10°"? farad 


1 picofarad = .000001 or 10° microfarad 


farad = F 
microfarad = pF 
picofarad = pF 





The following examples below show you how to use Tables 3-1 and 3-2 to con- 
vert from one unit of capacitance to another: 


1. Convert 25 uF to farads: 
25 uF = 25 x 10° = 25 x .000001 = .000025 F 


2. Convert 470 pF to farads: 
470 pF = 470 x 10”? = 470 x .000000000001 = .00000000047 F 


3. Convert 1000 pF to microfarads: 
1000 pF = 1000 x 10 = 1000 x .000001 = .001 pF 


4. Convert .00082 uF to pF: 
.00082 uF = .00082 x 10° = .00082 x 1,000,000 = 820 pF 





Table 3-2 
Converting Units of Capacitance 


TO CONVERT ACTION 




























Multiply by 1,000,000 (10°) or 
move the decimal point 6 places 
to the right. 





Factors That Affect Capacitance 





Multiply by 1,000,000,000,000 
(1012) or move the decimal point 
12 places to the right. 


Divide by 1,000,000 (108) or 

multiply by .000001 (10°). Move 
the decimal point 6 places to the 
left. 


Multiply by 1,000,000 (10®) or 
move the decimal point 
6 places to the right. 


Divide by 1,000,000,000,000 (1012) 
or multiply by .000000000001 
(1072). Move the decimal point 12 
places to the left. 


Divide by 1,000,000 (10) or mul- 
tiply by .000001 (10°). Move the 
decimal point 6 places to the left. 


The ability of the capacitor to store an electrical charge is referred to as capaci- 
tance. The capacitance of a capacitor is determined by its physical characteris- 
tics. Specifically, capacitance is determined by the total area of its plates, the 
distance that separates the plates, and the type of dielectric. 


The larger the plates in a capacitor, the greater the charge that the capacitor can 
store. Larger plates can store more electrons and have more electrons to give up 
than smaller plates. The greater the charge (Q), the greater the capacitance (C) 
for a given applied voltage. Therefore, increasing the plate area of a capacitor 
increases its capacitance. 


Capacitive Circuits 
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The spacing between the plates of a capacitor also determines the amount of 
charge that it can store. When you decrease the distance between the two con- 
ducting plates of a capacitor, the intensity of the field strength across the dielec- 
tric increases. As the field strength increases in intensity, the number of electrons 
that store on the negative plate, for a given applied voltage, increases. The greater 
this attraction, the greater the quantity of electrons stored in the capacitor, for a 
given applied voltage. In most capacitors, the distance between the two plates is 
a function of the thickness of the dielectric material that is used to manufacture 
the capacitor. When you move the plates closer together, you increase the capaci- 
tance. Likewise, when you move the plates farther apart, you decrease the ca- 
pacitance. 


The type of insulating material between the two plates of the capacitor also has 
an important effect on the amount of charge that a capacitor can store. Generally, 
the better the insulator that the dielectric is, the greater the capacitance. Many 
different types of insulating materials are used as a dielectric in capacitors. Insu- 
lators such as air, oil, paper, glass, and various types of plastics are widely used. 
Each type of insulator has a specific dielectric constant (K) that affects the amount 
of charge that a capacitor stores for a given applied voltage. Table 3-3 shows the 
dielectric constants for typical insulating materials. 


Table 3-3 
Dielectric Constants 


MATERIAL DIELECTRIC CONSTANT (kK) 














The following formula shows the relationship between the factors that affect the 
capacitance of a capacitor. C is the capacitance in picofarads, A is the plate area 
in square inches, D is the distance between the plates in inches, and K is the 
dielectric constant of the dielectric material, and the value 0.2248 is the absolute 
dielectric constant of air or vacuum—also known as the absolute permittivity. If 
you know all of these factors, you can compute the capacitance as follows: 


_ 0.2248AK 
aap 
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As you can see by the formula, capacitance is directly proportional to plate area 
and the dielectric constant, and inversely proportional to the distance that sepa- 
rates the plates. 


Example: What is the capacitance of a paper capacitor with a plate area of 18 
square inches and a spacing of .005 inches? 


__ 0.2248(18)(3.5) 


G 0.005 


= 2832.5 pF 


If Aand D are given in the Metric System (centimeters), you need to use 0.0885 
as the absolute permittivity constant to obtain the correct answer. That is, substi- 
tute 0.0885 for the 0.2248 absolute permittivity constant that is used in the En- 
glish System (inches). Remember, both 0.2248 and 0.0885 arc conversion fac- 
tors in the formula for capacitance. 


Types of Capacitors 


The two basic types of capacitors used in electronic circuits are fixed capacitors 
and variable capacitors. A fixed capacitor has a constant capacitance, and its 
physical construction is such that the capacitance remains at the same value un- 
der all conditions. A variable capacitor is designed so that its capacitance is ad- 
justable. 

Another method of classifying capacitors is by the type of dielectric used. The 
most commonly used dielectric materials are mica, ceramic, paper, and plastic 
films such as Mylar*. Oil is also used as a dielectric in some large capacitors for 
high-power applications. Another type of capacitor that is widely used in elec- 
tronic applications is the electrolytic capacitor. Electrolytic capacitors have alu- 
minum plates where the dielectric is a thin layer of aluminum oxide that is depos- 
ited on the plates during the manufacturing process. The dielectric is formed by 
an electro-chemical process right on the plates so that plate spacing is extremely 
small. This permits very high values of capacitance to be contained within a 
relatively small package. 


Capacitors can be either polarized or nonpolarized. Electrolytic capacitors are 


polarized capacitors which means they have a definite polarity and you must 
observe this polarity when you install the electrolytic capacitor into a circuit. 


* DuPont registered trademark. 
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If you install a polarized capacitor incorrectly (reversed in the circuit) it may 
short, become excessively hot, or even explode. The capacitor’s positive or nega- 
tive plate may be marked with a + or — sign and have an arrow pointing to the 
lead it refers to. The plus (+) side of the capacitor must be connected to the most 
positive potential. Likewise, the negative lead of the polarized capacitor must be 
connected to the most negative potential. An improperly installed polarized ca- 
pacitor can cause bodily harm (when it explodes) or destroy components and 
entire circuit boards when it shorts or overheats. All polarized capacitors have 
the polarity markings stamped on their bodies. 


Various fixed value capacitors have been developed to meet the wide range of 
electronic applications. For example, mica and ceramic capacitors are excellent 
for very high-frequency applications. Paper and plastic film capacitors are used 
in lower-frequency applications where higher values of capacitance are required. 


Figure 3-5 shows several types of fixed capacitors that are used in electronic 
circuits. 








| 
| 
| 











Figure 3-5 
Typical fixed capacitors. 
(A) paper. (B) Top: polystyrene. Bottom, left-to-right: ceramic, 
Mylar, mica, tantalum. (C) Two types of electrolytic. 
(D) Two sizes of surface-mount (chip) capacitors. 
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Most variable capacitors have an air dielectric and are therefore referred to as air 
capacitors. Figure 3-6 shows a typical variable capacitor. Note the fixed plates 
(stator) and the variable plates (rotor). The capacitance increases as you rotate 
the variable plates to mesh with the fixed plates. Maximum capacitance occurs 
with full mesh and minimum capacitance occurs when the plates are not over 
lapped. 


ROTATING 
PLATES 
(ROTOR) 






STATIONARY 
PLATES 
(STATOR) 


Figure 3-6 
The variable capacitor. 


Another type of variable capacitor called a trimmer uses a mica dielectric to 
obtain a relatively high value of capacitance in a small size. Trimmer capacitors 
with a ceramic dielectric are also available. Figure 3 7 shows the symbol that 
represents a variable capacitor in a schematic diagram. Trimmer capacitors are 
used to adjust the higher frequencies in a band of frequencies. 


a 


Figure 3-7 
The schematic symbol 
for a variable capacitor. 


One old phrase that was widely used in the audio communication field was to 
trim them on the top and pad them on the bottom, when a piece of equipment 
contained capacitors to adjust (balance) the gain over a range of frequencies. 
Trimmer capacitors adjust the high frequencies and padder capacitors adjust the 
lower end of the frequency band. When they are properly adjusted, the gain is 
relatively stable across the frequency band. 
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Capacitor Ratings 


All capacitors are rated according to two basic characteristics: capacitance and 
working voltage. Capacitors come in a variety of standard capacitance values. 
Standard ranges cover from as high as several thousand microfarads to as low as 
one picofarad. Working voltage is listed as a DC voltage. 


Another capacitor characteristic is its voltage rating. All capacitors are designed 
to be able to withstand an applied voltage of a certain maximum value. This 
voltage rating is a function of the type of dielectric and its thickness. If you ex- 
ceed the voltage rating of a capacitor, it is possible to rupture the dielectric and 
cause the plates of the capacitor to short together. In some very high value ca- 
pacitors, the dielectric material is extremely thin. A very thin dielectric is respon- 
sible for the high capacitance value, but it is also easier to puncture the thin 
dielectric with high voltage. 


Capacitors are generally rated in terms of an operating or working voltage. This 
is the maximum voltage that you can safely applied to the capacitor on a continu- 
ous basis. For example, a capacitor with a 200-volt rating can operate continu- 
ously with any value of DC voltage less than 200 volts. A voltage greater than 
200 volts may cause damage to the capacitor. On the other hand, a 200-volt ca- 
pacitor operates quite satisfactorily at 50-volts DC. You will often see working 
voltage abbreviated WV. 


Another capacitor voltage rating is peak voltage. The peak voltage is the maxi- 
mum voltage that a capacitor can withstand when it is used with an AC voltage. 
For example, assume that a capacitor has a peak voltage rating of 1000 volts. 
This means the peak AC value applied to the capacitor must never exceed 1000 
volts. If you apply a 1000-volt rms sine wave to the capacitor, you have exceeded 
its voltage rating, and the capacitor may become damaged. The peak value of a 
1000-volt rms sine wave is 1000 divided by 0.707 or 1410 volts. This of course 
exceeds the peak voltage rating. 


You must consider both the capacitance and voltage ratings of a capacitor in 
terms of their tolerance ratings. It is extremely difficult and expensive to design 
components which have capacitance and voltage ratings exactly as specified. 
Therefore, most practical electronic components have a tolerance range on their 
ratings. A typical capacitance value might have a tolerance of plus and minus 
10 % (+10 %). This means that the actual value of the capacitor could be 10% 
higher or 10% lower than the actual rated value. While 10% is a typical capaci- 
tance tolerance, capacitors with wider tolerance ranges and narrower ranges are 
also available. For example, one percent tolerance capacitors are available. How- 
ever, closer tolerances are more expensive, this is partly due to the additional 


expense to make, but just as important is that the number of applications for the 
component is reduced. Therefore, precision components are manufactured in 
smaller quantities than standard components. Some very large capacitors have 
tolerances as great as 80%. 


Tolerances on voltage ratings are generally undefined and very broad. The volt- 
age ratings of a capacitor are also very conservative so that the actual voltage 
rating is generally much higher than the stated working value. While this is true, 
it is still poor practice to use a capacitor in a circuit where the voltage exceeds its 
rated value, despite the fact that its actual capability might be higher. 


Capacitor Defects 


Like any electronic component, capacitors are subject to defects. Defects may 
occur in the manufacturing process or may be caused by an improper electrical 
condition in the circuits in which they are used. There are four common ways 
that capacitors fail. A capacitor can become shorted or open. The capacitor can 
have excess leakage or it can change in value. 


In a shorted capacitor, the plates either touch or a very low resistance path forms 
between the plates. Internal shorts usually occur when the dielectric becomes 
punctured or otherwise fails. A shorted capacitor has a very low resistance and 
can often cause damage to other components in the circuit. 


An open capacitor occurs when one or possibly both of the leads become discon- 
nected from the plates. An open capacitor has a very high resistance and causes 
an open in the circuit. 


A capacitor with excessive leakage occurs when a resistive path is forms be- 
tween the two plates. A good capacitor should be an open circuit to direct current 
(capacitors block DC currents) and should measure infinite (or extremely high) 
resistance between the two leads. However, a lower resistance sometimes occurs 
when the dielectric fails. The resistance that develops between the two plates is 
referred to as leakage resistance. It has the effect of an external resistor con- 
nected across the capacitor’s leads. You can sometimes detect leakage by mea- 
suring the capacitor with an ohmmeter. When an ohmmeter is connected across a 
capacitor, the meter indication constantly increases as the capacitor charges to 
the ohmmeter’s internal voltage source. When the capacitor is fully charged, the 
meter reading becomes stable. If the meter indication starts decreasing or the 
indication fluctuates, the capacitor is charging and discharging. This is a indica- 
tion of changing internal capacitor resistance and is referred to as leakage. 


Capacitive Circuits 
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Capacitors can also change in value. A fixed capacitor has a specific given value, 
but when it is used in a circuit, the capacitor may no longer have that specific 
value of capacitance. The capacitance value can change due to an incorrect ap- 
plied voltage, excessive temperature conditions, or as in the case of electrolytic 
capacitors, expired shelf life. Electrolytic capacitors actually hold their values 
better when they are used in circuits than they do on the shelf. 


Capacitors in Series and Parallel 


Capacitors are often connected in series or parallel to form new values of capaci- 
tance. When two or more capacitors are connected in series or parallel, the ca- 
pacitance of the combination is greater than or less than the values of the indi- 
vidual capacitors. Because such combinations occur so frequently in electronic 
circuits, it is desirable to know how to compute the total capacitance of the vari- 
ous combinations. The following simple procedures show you how to do this. 


Cy 


Co 


C3 TN 


CT 
Cq=01+C2+C3 


Figure 3-8 
Capacitors connected in parallel. 


CAPACITORS IN PARALLEL 


When two or more capacitors are connected in parallel as shown in Figure 3-8, 
the total capacitance of the combination is simply equal to the sum of the indi- 
vidual capacitances. If the total capacitance of the combination is designated Cy, 
the total capacitance is the sum of the individual capacitors as indicated by the 
expression: 


Cr = C; + C2 + C3 


For example, if C1 = .015 uF, C2 = .002 uF, and C3 = 1000 pF, the total sum of 
the combination is: 


Cy =.015 pF + .002 pF + .001 pF =.018 pF. 7 
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In a parallel circuit configuration, total capacitance is always greater than any 
single value in the combination. Remember, capacitors in parallel add like resis- 
tors in a series circuit. 


The most important thing to note, when you make capacitance calculations such 
as this, is that all values of capacitance must be expressed in the same units. In 
this example, C, and C, arc given in uF, but C; is expressed in pF. In order to 
make the proper calculation, all values were changed to pF. A 1000 pF capacitor 
is the same as a .001 LF capacitor. Remember, to convert pF to pF, you divide the 
capacitance value in pF by 1,000,000 (10°) 


CAPACITORS IN SERIES 


When two or more capacitors are connected in series as shown in Figure 3-9, the 
total capacitance of the combination is less than the capacitance of the smaller 
capacitor in the combination. This is the same relationship that applies to resis- 
tors connected in parallel. 


Cy Co 

C4xC 
Cr- 2 m— 
C1+C2 
CT 


Figure 3-9 
Capacitors in series. 





The formula for calculating total capacitance, Cy, of two capacitors connected in 
series is: 


C,C, 
C,+C, 





Cr= 


For example, assume that two capacitors, C, = .001 uF and C, = 390 pF, are 
connected in series. The total capacitance is: 


_ 1000 x 390 _ 390000 _ 
Cr 1000+ 300 = 1390 = 280-6 PF 


Note that C, is expressed in F while C, is expressed in pF. In order to compute 
the proper value of capacitance, the values of both capacitors must be expressed 
in the same units. Here, both are expressed in picofarads. A .001 uF capacitor is 
equal to 1000 pF. Note that the total capacitance of the combination is less than 
the smallest capacitor’s value. 
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When more than two capacitors are connected in series, you can use the above 
formula to compute the total by combining the capacitors two at a time. For 
example, in a circuit with three capacitors in series, you first compute the combi- 
nation capacitance of two of them. Then, you combine this combination capaci- 
tance with the third value of capacitor in the same formula to arrive at the correct 
total. This method is the same as the product over the sum formula you use for 
paralleled resistors. The reciprocal method that you use for resistors in parallel 
also applies to capacitors in series. 


Capacitors in DC Circuits 


When you use capacitors in circuits that involve DC voltages, they exhibit cer- 
tain properties and operational characteristics. In AC circuits, capacitors have 
different properties and characteristics. Since capacitors are usually considered 
to be AC components, most of this unit is devoted to the operation of capacitors 
in AC circuits. However, many AC circuits also use DC voltages. For that reason, 
you will first study the operation of capacitors in DC circuits. 


Since there is no direct electrical connection between the plates of a capacitor, a 
capacitor represents essentially an open circuit (infinite resistance) to a DC volt- 
age. There is no direct path for electrons to flow through the capacitor. However, 
when a capacitor charges or discharges, movement of electrons takes place within 
the circuit. This movement of electrons constitutes current flow, but this charging 
or discharging action is transient (short-time duration) in nature. Once the ca- 
pacitor has charged or discharged, current ceases to flow. While electrons do not 
cross between the plates of a capacitor, the charging and discharging action does 
cause movement of electrons in the external circuit. If a component (such as a 
resistor) is connected in series with the capacitor, it will have a voltage drop 
developed across it as the capacitor charges and discharges. The voltage dropped 
across the resistor reverses polarities due to current moving in one direction dur- 
ing charging and moving in the opposite direction during the discharge cycle. 


Figure 3-10 shows a simple series resistor-capacitor (RC) circuit connected to a 
DC voltage source. With the switch open and the capacitor initially discharged, 
no current flows in the circuit. However, when you close the switch, the capacitor 
starts to charge. Electrons from the negative terminal of the battery flow through 
the switch and the resistor to the right-hand plate of the capacitor. Electrons are 
drawn from the left hand plate of the capacitor by the positive terminal of the 
battery, which leaves the left plate positively charged. Once the capacitor is fully 
charged, current flow ceases. During the charging time, electrons flow through 
resistor (R) in the direction shown. This results in a voltage drop across the resis- 


tance with the polarity as indicated. This voltage appears only momentarily as 
the capacitor charges. When the switch is initially closed, electrons begin to flow 
immediately and a peak voltage appears across the resistor. As the capacitor 
charges, the voltage drop across the resistance decreases. The voltage across the 
resistor is zero when the capacitor is fully charged or completely discharged. 


+R- 
+ ae ~ 
+ - 
| 
E SWITCH 


Figure 3-10 
A series RC circuit. 


The series combination of resistance and capacitance shown in Figure 3-10 is a 
common configuration. There are many variations and applications for this simple 
circuit. The most important characteristic of this RC combination is the time it 
takes to charge or discharge the capacitor. This time is referred to as the time 
constant, T. The time constant is the period of time it takes for a capacitor to 
charge to approximately 63.2% of the applied voltage. This time is the product of 
the circuit’s resistance and capacitance value: 


T=RC 


The time constant in seconds is equal to the capacitance in farads, multiplied by 
the resistance in ohms. One time constant in seconds is also equal to the resis- 
tance in megohms multiplied by the capacitance in microfarads. For example: 
What is the time constant of a 25 uF capacitor and a .47 megohm resistor? The 
applied voltage is 12 volts. 


T = 25 (10%) x .47 (10$) or 11.75 seconds 


In other words, it takes the 25 uF capacitor 11.75 seconds to charge to 63.2% of 
12 (.632 x 12 = 7.584) or 7.584 volts through a .47 megohm resistor. 


After one time constant, the voltage across a capacitor is equal to 63.2% of the 
applied voltage. It takes approximately five time constants for the capacitor to 
charge to the full applied voltage. In the above example, it takes 5 x 11.75 = 
58.75 seconds for the capacitor to charge to 12 volts. 
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The time constant relationship also holds true when a capacitor discharges. See 
Figure 3-11. A capacitor is initially charged to an applied voltage, when you 
close the switch. When you open the switch, the capacitor discharges through the 
resistor. The time constant (T), is the time it takes the capacitor to discharge to 
36.8% of the initial voltage. This is another way of saying that in one time con- 
stant, the capacitor’s charge decreases by 63.2%. It takes approximately five time 
constants for the capacitor to discharge completely. If the capacitor is initially 
charged to 36 volts, after one time constant its voltage is 36 x .368 = 13.25 volts. 


SWITCH 





DISCHARGE 
PATH 


Figure 3-11 
A parallel RC circuit. 


For each time constant, the capacitor changes it charge by 63.2%. As you can see, 
if the capacitor changes its charge by 63.2% each time constant, the capacitor 
never fully charges to the applied voltage or never fully discharges to zero. How- 
ever, after 5 time constants the charge is so close to either the supply voltage or 
zero that it is appropriate to assume the capacitor changed its charge by 100%. 
For example, assume that a capacitor is charging to 100 volts. 

After 1 time constant the charge is 63.2 volts. 

100 V - 63.2 V = 36.8 V. 


After 2 time constants 
(.632 X 36.8 V) + 63.2 volts. 


23.26 V + 63.2 V = 86.46 V. 


After 3 time constants 
(.632 x 13.54 V) + 86.46 volts. 


8.56 V + 86.46 V = 95.02 V. 


After 4 time constants 
(.632 x 4.98 V) + 95.02 volts. 
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3.15 V + 95.02 V = 98.17 V. 


After 5 time constants 
(.632 x 1.83 V) + 98.17 volts. 


1.16 V + 98.17 V = 99.33 V. 


Since there are tolerances in all electronic circuits, you can assume 99.33% or 5 
time constants is close enough to call it 100%. 
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Programmed Review 


A capacitor is an electronic component that is made up of two con- 
ducting plates which are separated by an insulating medium called the 


(dielectric) Because the dielectric is an insulator, no current can flow 
through the capacitor. This means that no pass through 
the dielectric from one plate to the other. 


(electrons) When you apply a DC voltage to a capacitor, electrons build 
up on one plate and are drawn from the other. In this state, the capaci- 
tor is said to be 


(charged) The charges on the plates attract one another across the di- 
electric to create an electric field. If you remove the DC voltage, the 
charge remains. The charge is said to be in the capaci- 
tor. 


(stored) To release and use the charge stored in the capacitor, you can 
connect the plates together externally. When this happens, the capaci- 
tor 


(discharges) Electrons on the negative plate flow to the positive plate 
and neutralize the charge. The only time that current flows in a capaci- 
tive circuit is when the capacitor is or 


(charging, discharging) When electrons move in the circuit, current 
flows. But, no electrons pass between the plates of the capacitor be- 
cause the dielectric is an 


(insulator) The capacitor in a circuit does not have to be a packaged 
capacitor. Instead, it can take the form of any two conductors sepa- 
rated by an insulator. Such capacitance is called __ ca- 
pacitance. 
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9. (distributed or stray) The unit of capacitance is the ; 


10. (farad) This unit tells you the amount of charge in coulombs that a 
capacitor can store for a given applied voltage. The farad is a very 
large unit. Most practical capacitors are rated in smaller units such as 

or 


















. (microfarads, picofarads). The abbreviations for these units are 
and respectively. 


. (uF, pF) A microfarad is one millionth of a farad. A picofarad is one 
millionth of a microfarad: This means that there are 
(how many?) uF in a farad. 


. (1,000,000) There are pF in one microfarad. 





. (1,000,000) It is often necessary to convert from one unit of capaci- 
tance to another. For example, 2200 pF expressed in uF is 


. (.0022) You multiply pF by 10% to get uF. 2200 x 10% = 2200 x 
.000001 = .0022 uF. A value of .47 pF is equivalent to 
pF. 






. (470,000) You multiply uF by 10° or 1,000,000 to get pF. .47 x 
1,000,000 = 470,000 pF. The capacitance of a given capacitor is a 
function of its physical characteristics. The three basic factors that 
affect capacitance are ; , and 












. (plate area, plate spacing, dielectric constant.) The capacitance is di- 
rectly proportional to the area of the plates. This means the larger the 
plate area, the the capacitance. 
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18. (greater) The capacitance is also directly proportional to dielectric con- 
stant. This constant is different for different types of capacitors. The 
better the insulating capabilities, the greater the dielectric constant. 
When the dielectric constant decreases, the capacitance 


. (decreases) The spacing between the plates also affects the capaci- 
tance. Capacitance is inversely proportional to the distance between 
the plates. When you decrease the separation, the capacitance 


. (increases) There are two basic classifications of capacitors. These are 
and 


. (fixed, variable) Fixed capacitors have a constant value and come in a 
variety of shapes and sizes. They are usually classified according to 
the type of used in them. 


. (dielectric) Typical electronic capacitors have dielectrics of mica, ce- 
ramic, paper, and plastic. A special type of fixed capacitor that has an 
aluminum oxide dielectric is called an 


. (electrolytic) Variable capacitors are made so you can vary their ca- 
pacitance over a narrow range. Most variable capacitors have an 
dielectric. 


. (air) Variable capacitors called trimmers are available with mica and 
ceramic dielectrics. The dielectric constant of mica or ceramic is 
than that of air. 


. (greater) Capacitors are also rated by applied voltage. A capacitor with 
a working voltage of 100 volts can withstand a DC operating voltage 
of anything less than _ volts. 





26. (100) A capacitor may be damaged with an applied voltage that ex- 
ceeds the working voltage rating. Another voltage rating is the peak 
value. The peak value refers to the maximum voltage that 
a capacitor can withstand. 


. (AC) The peak value refers to the maximum allowable peak AC value 
that the capacitor can handle. If the applied voltage exceeds the rated 
value, the capacitor can become damaged. For example, the dielectric 
can rupture and the plates can touch which causes a 


. (short) Alternately, the punctured dielectric can act as a resistance rather 
than a dielectric short. This resistance is referred to as 


. (leakage) Another typical capacitor defect is lead breakage. This cre- 
ates a condition known as an capacitor. 


f i . (open) Finally, a capacitor can change in value under operating condi- 
i tions. Two factors that can cause this are excessive or 


. (voltage, temperature) Capacitors are often connected in series or par- 
allel to form different values of capacitance. In a parallel combination, 
the total capacitance is always than any of the individual 
capacitors. 


. (greater) The total capacitance of parallel capacitors is the sum of the 
individual capacitors. The total capacitance of a 680 pF and a 750 pF 
capacitor in parallel is pF. 


. (1430 pF) In microfarads, this value is 


. (.00143F) To convert pF to pF, divide by 1,000,000 or 1430 + 
1,000,000 = .00143. When capacitors are connected in series, the total 
capacitance is always than the smaller capacitance. 
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. (less) The formula for finding the total capacitance of two capacitors 
in series is 


CC, 
C +C, 
tance is 


(C= 


) If C, is .0015 uF and C, is 560 pF, the total capaci- 


. (.0004078 uF) To solve this problem, both capacitor values must be 
expressed in the same units, in this case, uF. C, is already in F, but 
you must convert C,. Therefore 560 pF = 560 x .000001 = .00056 uF 
and 


_ .0015 x ,00056 _ .00000084 _ 
Cr= "9015400056 = .00206 ~ 000407 uF 


This value in pF is 


. (407.8) When a capacitor is connected in series with a resistor and a "~ 
DC voltage source, the capacitor 


. (charges) The voltage across the capacitor rises toward the applied DC 
voltage. The time that is required for the voltage across the capacitor 
to increase to 63.2% of the applied voltage is called the 


. (time constant) It takes a specific amount of time for the capacitor to 
charge to the applied voltage. This time is determined by the values of 
and. =ç ç andłd________— inthecircuit. 


. (resistance, capacitance) The time constant is directly proportional to 
values of resistance and capacitance. If either R or C increases, the 
time constant 





42. (increases) If you decrease R or C, the 
decreases. 


. (time constant) The time constant (T) is computed with the expression 
T=RC. If R = 1.2 megohms and C = .68 pF, the time that it takes the 
capacitor to charge to 63.2% of the applied voltage is sec- 
onds. 


. (.816) This is equivalent to 816 milliseconds or a little more than eight 
tenths of a second. It takes about seconds for the capacitor 
to charge to the full applied voltage. 


. (4.08) It takes five time constants for the capacitor to charge to the 
applied voltage. In this example, it is 5 x .816 or 4.08 seconds. If the 
applied voltage is 20 volts, the charge on the capacitor will be 

volts after .816 seconds. 


. (12.64) After one time constant, the capacitor charges to 63.2% of 20 
volts or .632 x 20 = 12.64 volts. The time constant also applies when 
the capacitor discharges. After one time constant, the voltage across 
the capacitor is % of its initial charge. 


. (36.8) It takes five time constants for the capacitor to discharge. 
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CAPACITORS IN AC CIRCUITS 


When an AC voltage is applied to a capacitor, alternating current flows in the 
circuit. Figure 3-12 shows a sine wave generator, E, connected to a capacitor, C. 
As the AC voltage varies, the current in the circuit follows a sinusoidal variation. 
Electrons do not pass directly through the dielectric, from one plate of the capaci- 
tor to the other. Although electrons do not pass from one plate to the other through 
the dielectric, electrons do flow in the circuit external to the capacitor as if they 
do. As the applied AC voltage rises and then falls, the capacitor charges and then 
discharges. The frequency of the input voltage and the circuit’s time constant 
determine the charge and discharge rate of the capacitor. Even though there isn’t 
a physical resistor shown in Figure 3-12, all circuits contain a finite resistance. 
Also note that the arrow in Figure 3-12 indicates that current flows first in one 
direction and then reverses so it flows in the other direction. This oscillating 
current is also the definition of a sine wave. 


Figure 3-12 
An AC voltage source connected to a capacitor. 


Figure 3-13 illustrates the action of an electron in the dielectric of a capacitor. 
This illustration also shows the effect an applied AC voltage has on the atoms 
within the dielectric of a capacitor. In Figure 3-13A, the external applied voltage 
is zero. At this time, the electrons contained in the atoms of the dielectric rotate 
normally about their nuclei. Note what happens to the orbit of the electron, when 
the capacitor charges as shown in Figure 3-13B. Here, the upper plate is made 
negative with respect to the lower plate. The electrons that orbit the nucleus in 
the dielectric are repelled by the negative plate and attracted by the positive plate. 
This distorts the orbit of the electrons. The amount of voltage applied to the 
capacitor determines the amount of orbit distortion. Figure 3-13C shows the or 
bit distortion when the capacitor charges in the opposite direction. 


When you apply a constantly changing AC voltage to the capacitor, the polarity 
of the applied voltage alternates to cause the electrons in the dielectric to change 
directions. While the amount of electron shift is small, it nevertheless constitutes 
a movement of electrons within the dielectric. While none of the electrons actu- 


ally break loose from their orbits and flow in the external circuit, you can say that 
the movement of electrons constitutes current flow. As the AC voltage charges 
and discharges the capacitor, the movement of electrons onto one plate and off 
the other in the external circuit represents current flow. When the applied voltage 
is a sine wave, current flow in the circuit is also sinusoidal. 






DIELECTRIC PLATES 


+++ 





Figure 3-13 
Electron distortion in the dielectric 
of a charged capacitor. 
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Current-Voltage Relationships 
in Capacitive AC Circuits 


The relationship between current and applied voltage in a capacitive circuit is 
different than it is in purely resistive AC circuits. Due to the way that a capacitor 
functions, current and voltage in a capacitive AC circuit are not in phase with 
each other. In a circuit where an AC voltage is applied to a resistance, current 
through the resistor follows the voltage that is applied to it. In this case, current 
and voltage are in phase. In other words, the positive and negative half cycles of 
voltage and current in a resistive AC circuit are in step with one another. 


In a capacitive AC circuit, the capacitor constantly charges and discharges at the 
rate of change of the applied voltage. Once the capacitor is initially charged, the 
voltage across it acts as a voltage source. Its effect is to oppose changes in the 
external supply voltage. Since the capacitor must charge or discharge to follow 
the changes in the applied voltage, the resulting current flow is out of step with 
the changes in the applied voltage. There is a phase shift between the voltage and 
current in the circuit. In a purely capacitive circuit, the phase shift is 90°, so the 
current leads the voltage by 90°. 


To understand the relationship between current and voltage in a capacitive AC 
circuit, you should first review the basic principles of capacitor operation when a 
DC voltage is applied. Figure 3-14 shows a DC voltage source connected to a 
capacitor. The capacitor is initially discharged and the switch is open. When you 
close the switch, the instantaneous voltage across the capacitor is zero. It might 
appear that the voltage across the capacitor is initially equal to the applied volt- 
age, the instant the switch is closed, but it is zero because electrons have not had 
time to flow to and from the plates of the capacitor. In other words, on the initial 
closure of the switch, the capacitor is still uncharged. Immediately thereafter, 
electrons begin to flow. Electrons flow from the negative terminal of the battery 
to the right-hand plate of the capacitor, which gives that plate an excess of elec- 
trons and a negative charge. At the same time, electrons are drawn from the left 
hand plate of the capacitor to the positive terminal of the battery, which causes 
the left-hand plate to have a positive charge. As electrons begin to flow, a voltage 
builds up across the capacitor. The polarity of voltage across the capacitor at this 
time is indicated in Figure 3-14. Note that this voltage is in direct opposition to 
the applied voltage. When the capacitor is fully charged to the applied voltage, 
the two voltages are equal in amplitude and opposite in polarity. The voltages 
therefore cancel each other, and the effective voltage in the circuit is zero. When 
the voltages are equal, there is no difference of potential and current ceases to 
flow. 


+i - 
SWITCH 
i We 
E 


Figure 3-14 
A capacitor being charged 
by a DC source. 


Remember that according to Kirchhoff’s Voltage Law, the sum of the voltages 
around a closed loop must equal zero. 


Figure 3-15 illustrates the relationship between the capacitor’s current and volt- 
age in the circuit of Figure 3-14. When the switch is initially closed, the capacitor 
voltage is zero while the current in the circuit is maximum. As the electron flow 
charges the capacitor, the capacitor voltage begins to build up. The capacitor 
voltage opposes the applied voltage, which reduces the amount of current flow in 
the circuit. When the capacitor becomes fully charged, the current in the circuit 
reduces to zero. 


CURRENT 







CAPACITOR 
VOLTAGE 


TIME OF 
SWITCH 
CLOSURE 


Figure 3-15 
Relationship between voltage and 
current in a charging capacitor. 


Now, you can use the relationship shown in Figure 3-15 to show the actual cur- 
rent and voltage relationships in a capacitive circuit when an AC signal is ap- 
plied. Once the capacitor becomes charged, the voltage across the capacitor is 
the same as the applied voltage. However, the current flowing in the circuit is out 
of phase with the voltage as indicated in Figure 3-15. 
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The exact relationship between the current and voltage in a capacitive circuit 
when a sine wave is applied is shown in Figure 3-16. Note that when the current 
is maximum, the voltage across the capacitor is zero. As you can see, there is a 
phase shift between the current and voltage in the circuit. This phase shift is 
expressed in terms of degrees. Remember that one complete cycle of an AC sine 
wave contains 360°. The amount of phase shift in the capacitive circuit is one 
fourth of this or 90°. The current and voltage in a purely capacitive circuit are 90° 
out of phase with one another. Another important fact to note is that the change in 
current leads the change in voltage. As Figure 3-16 shows, the capacitor voltage 
change follows the current change in time. The cur rent leads the voltage in a 
capacitive circuit; there is a 90° leading phase shift in a purely capacitive circuit. 


CAPACITOR VOLTAGE AND 
CURRENT APPLIED VOLTAGE (E) 
(I) 








TIME —————__—__» 


Figure 3-16 
Current and voltage relationship in 
a purely capacitive AC circuit. 


Capacitive Reactance 


It is the basic nature of a capacitor to oppose changes in voltage. In a DC circuit, 
a capacitor charges to the applied voltage. If you increase the applied voltage, the 
capacitor then charges to the new higher voltage. If you decrease the applied 
voltage, the capacitor discharges until the voltage across it equals the new lower 
applied voltage. Keep in mind that it takes a finite period of time for a capacitor 
to charge or discharge to a new voltage level. The charge and discharge time is a 
function of the capacitor’s size and the value of any series resistance in the cir- 
cuit. 


In an AC circuit, the capacitor constantly charges and discharges. The voltage 
across the capacitor is in constant opposition to the applied voltage. This constant 
opposition to changes in the applied voltage creates an opposition to current flow 
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in the circuit. This opposition to AC current flow by a capacitor is called capaci- 
tive reactance. Capacitive reactance is represented by the symbol X, and, like 
resistance, it is measured in ohms. 


The capacitive reactance of a capacitor is determined by its capacitance value 
and the frequency of the applied voltage. The amount of opposition to current 
flow in an AC circuit by a capacitor is a function of the capacitance and the 
frequency of the AC voltage. Capacitive reactance is inversely proportional to 
capacitance and frequency. Therefore, when you increase the capacitance or fre- 
quency, the capacitive reactance decreases. 


The capacitive reactance is calculated by using the equation: 


eat 

Xo = rfc 

In this expression, X, is the capacitive reactance in ohms, f is the frequency in 
Hz, C is the capacitance in farads and pi (7) is a constant that is approximately 
3.14. Since 1/2 m = 1/6.28 = .1592, you can simplify the expression as shown 
below: 


K_ = +1592 


Since farads is an unrealistically large unit of capacitance, this formula is diffi- 
cult to use. If you assume that the capacitance in the formula is expressed in 
microfarads, the expression for capacitive reactance becomes: 


X_ = 159200 


The following examples show how to compute capacitive reactance when you 
know the frequency of operation and the capacitance. These examples illustrate 
the effect of frequency and capacitance on the reactance. 


1. What is the reactance of a 1 microfarad capacitor at 60 Hz? 


_ 159200 _ 159200 _ 
Xe= oc) = 60 = 2653 ohms 


2. If you increase the frequency to 120 Hz, what is the new value of reactance 
of the 1 microfarad capacitor? 








— 159200 _ 159200 _ 
Xc= 120(1) ~~ 60 = 1326 ohms 


When the frequency increases, the reactance decreases by one half. 
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3. What is the reactance of a 1000 pF capacitor at 2 kHz? 
1000 pF = .001 uF 


2 kHz = 2000 Hz 


~ _159200__ 
Xc = 7000(.001) 79600 ohms or 79.6 k ohms 


4. If you decrease the capacitance from 1000 pF to 500 pE, what is the reac- 
tance at 2 kHz? 


500 pF = .0005 pF 


=- 159200 _ 
Xc = 7000(.0005) ~ 159,200 ohms or 159.2 k ohms 


When you halve the capacitance, the reactance doubles. 


These examples show you how to compute the reactance when you know the 
frequency and the capacitance. It is often necessary to compute the frequency 
when you know the reactance and capacitance, or to compute the capacitance 
when you know the reactance and frequency. The formulas for these calculations 





are: 
f = 159200 
XC 
c = 159200 
C 
Where: 
f = frequency in Hz 
C = capacitance in UF (10% 
Xc = capacitive reactance in ohms. 
Examples: 


1. At what frequency will a .039 uF capacitor have a reactance of 7000 ohms? 


_ 159200 _ 
C= 79G0(,039) = 983-1 Hz 


2. What value of capacitance has a reactance of 23 k ohms at a frequency of 
2 MHz. 


23 kQ = 23,000 ohms 


2 MHz = 2,000,000 Hz 


_ 159200 | 
C= 33900(2000000) = 0000034 HF 


C = .0000034 x 10° = 3.4 pF 


Ohm’s Law in Capacitive Circuits 


Ohm’s Law describes the basic relationship between the current, voltage, and 
resistance (opposition) to current flow in an electrical circuit. Because of its ca- 
pacitive reactance in an AC circuit, a capacitor is just as effective as a resistor in 
controlling current flow. 


Since a purely capacitive circuit has capacitance but no resistance, the current is 
directly proportional to the applied voltage, and inversely proportional to the 
capacitive reactance. This relationship is shown in the formula below: 


1== 


Xo 


For example, assume that an AC voltage of 6.3 volts is applied to a capacitor with 
a reactance of 210 ohms. The current in the circuit is: 


a 


= £3 = 03 amperes or 30 milliamperes 
c 210 


pá 


You can rearrange the basic Ohm’s Law formula to compute the voltage and 
reactance: 


The following examples illustrate Ohm’s Law in these cases. 
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1. A.05 uF capacitor has a current of .1 ampere at 400 Hz. What is the voltage 
across it? 


159200 ~ 159200 _ 
Xe = eT = 460005) = 7960 ohms 


E = IXc = .1(7960) = 796 volts 


2. A capacitor has 200 volts of 60 Hz AC across it and a current of .02 am- 
peres. What is the value of capacitance? 


X,=B= 200 — 10,000 ohms 





159200 _ 159200 _ 
C= "FX. = 60(10000) = 296 HF 
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Programmed Review 


48. When you apply an AC voltage to a capacitor, current will flow. Elec- 
trons do not flow between the capacitor plates across the dielectric, 
but they do flow onto and off of the as the AC voltage 
rises, falls, and changes polarity. 


. (plates) Electrons pile up on one plate and are drawn from the other on 
one-half cycle of the applied AC. When the polarity of the AC voltage 
reverses, the charge on the capacitor reverses. In other words, as the 
AC voltage varies, the capacitor and 


. (charges, discharges) The capacitor charges first in one direction, then 
discharges and recharges in the opposite direction. The constant charg- 
ing and discharging keeps the electrons moving. Therefore, current 
flows in a capacitive circuit even though no electrons pass through the 
capacitor 


. (dielectric) Because it takes time for the capacitor to charge and dis- 
charge, the current does not flow in step with the applied voltage. 
Therefore, the current and voltage are out of 


. (phase) In an AC circuit with only resistance, the current is in step or 
in phase with the applied voltage. The maximum, minimum, and zero 
points are the same for the voltage and current. In a capacitive circuit 
the current the voltage. 


. (leads) When the current is maximum, the voltage is zero. When the 
voltage is zero, the current is 


. (maximum) With a sine-wave voltage, this puts the current 90° out of 
phase with the voltage. The current and voltage are shifted in time 
from one another by one quarter of a cycle or degrees. 
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55. (90) The current leads the voltage by 90°. Another way of saying this 
is that the voltage the current. 


. (lags) If the current leads the voltage, then the voltage lags the current. 
When a capacitor charges, it stores a voltage. A charged capacitor then 
acts as a 


. (voltage source) A charged capacitor can create current flow. The volt- 
age across a capacitor also opposes the applied voltage that caused it 
to become charged in the first place. Both the applied voltage and the 
charge on the capacitor determine the amount of in the 
circuit. 


. (current) The effective circuit voltage is a function of the difference 
between the applied voltage and the charge on the capacitor. Since the 
charge opposes the applied voltage, this has the effect of 
the current in the circuit. 


. (decreasing) The opposition to AC by a capacitor is called the 


. (capacitive reactance) It is represented by the symbol Xo. The unit of 
capacitive reactance is the 


. (ohm) Like resistance, capacitive reactance is an opposition to current 
flow. Therefore, you use the ohm to express the amount of opposition. 
The amount of capacitive reactance in a circuit is determined by the 

and 


. (frequency, capacitance) The frequency of the applied voltage and the 
capacitance affect the reactance. The reactance is pro- 
portional to frequency and capacitance. 


. (inversely) This means that when you increase either the frequency or : 
capacitance, this causes the reactance to : } 





64. (decrease) To increase the reactance, you must 
pacitance or frequency. 


. (decrease) You can use the following formula to compute the capaci- 
tive reactance: 


Xe = 159200 


Where: 
Xc is in ohms 
f is in Hz 
Cis in pF 


The reactance of a .0047 uF capacitor at 1500 Hz is 
ohms. 


. (22581) The solution is: 


x- = — 159200 _ _ 159200 ~ 4959) 


¢ = 7500(.0047) 7.05 


To decrease this reactance you have to frequency or 
the capacitance. 


. (increase, increase) The current (I) in a capacitive circuit is directly 
proportional to the applied voltage (E) and inversely proportional to 
the reactance (Xc). This is expressed by the Ohm’s Law formula 


. (I= $) The current in a .068 uF capacitor at 800 Hz with 5 volts 
c 


applied is 
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69. (1.71 milliamperes) You first compute the reactance: 


_ 159200 _ _159200__ 159200 _ 
Xe= =C = B00(.068) ~ 54,4. ~ 7926.9 ohms 


Then the current: 


-E__5 _ sy 
[= Xo = 39265 .00171 amperes or 1.71 milliamperes 


To increase the current in a circuit, you must the reac- 
tance. 


. (decrease) To decrease the current in a circuit, you can 
the frequency or the capacitance. 


. (decrease) When you decrease C or f, Xc increases and the current 
decreases. A capacitor has a voltage drop of 70 volts at 60 Hz and the 
current is .08 amperes. The value of the capacitance is HF. 


. (3.03) Since you know the voltage and current, you first compute the 
reactance: 


-E-702 
Xe =Ë = I =875 ohms 


Since you now know the reactance and frequency, you can compute 
the capacitance: 


_ 159200 _ 159200 _ 159200 _ 
C== X, = 60(875) ~ 52500 ~ 703 BF 





RC CIRCUITS 


While purely capacitive circuits are sometimes used in electronics, more often 
capacitors are combined with other components to form electronic circuits. The 
most common circuits contain a resistor and capacitor connected in series. De- 
spite its simplicity, this simple series RC circuit has many applications. Another 
commonly used capacitor circuit is the paralleled resistor-capacitor combina- 
tion. While not as common as the series RC circuit, you can frequently find the 
parallel RC circuit in electronic equipment. In this section, you will investigate 
the operation and characteristics of both series and parallel RC circuits. 


Series RC Circuits 


The simplest form of RC circuit is a single capacitor connected in series with a 
resistor. Figure 3-17 shows such a circuit connected to an AC voltage source. The 
source voltage is a sine wave, designated E, which causes current to flow in the 
circuit. The capacitor charges and discharges as the input voltage varies. The 
charging and discharging action of the capacitor causes a movement of electrons 
in the circuit. The charge on the capacitor causes a voltage to be developed across 
it. This voltage is designated E,, as shown in Figure 3-17. The voltage across the 
capacitor is a sine wave that lags the current flowing in the circuit by 90°. As you 
learned earlier, the current in a capacitive circuit leads the voltage across the 
capacitor by 90°. 


Figure 3-17 
Series RC circuit. 


The current in the circuit passes through resistor R and develops a voltage drop 
across it. The voltage across the resistor, designated E,, is in phase with the 
current in the circuit. The voltage dropped across the resistor is a function of the 
resistor’s value and the circuit’s current (E, = I R). The capacitor’s voltage drop 
is a function of the current flowing in the circuit and the capacitive reactance 
(E, = 1 X,). 
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Figure 3-18 shows the phase relationships of the various voltages and currents in 
this series RC circuit. In this illustration, the current sine wave, I, is used as the 
reference. As you should recall, one of the fundamental characteristics of a series 
circuit is that the current is common to all components. Note the voltage drop 
across the resistor (E,). This voltage drop is in phase with the current. To see this, 
note that the maximum, minimum, and zero crossing points for the voltage wave- 
form coincide with those of the current waveform. 





Figure 3-18 
Phase relationships between the current and 
voltage in a series RC circuit. 


Now refer to the capacitive voltage drop Eo. The current through a capacitor 
leads the voltage across it by 90°. Another way of saying this is that the voltage 
across the capacitor lags (occurs later in time) the current. 


Another important characteristic of capacitive AC circuits is that Kirchhoff’s Law 
also applies. Kirchhoff’s Voltage Law states that the sum of the voltage drops 
across the components in a series circuit must equal the applied voltage. This law 
is valid for the circuit in Figure 3-17. Now refer to Figure 3-18. To add E, and 
Ec» you sum the amplitudes of the two sine waves at multiple points and plot the 
resulting curve. When you do this, you will obtain the sine wave represented by 
the dashed line in Figure 3-18. This waveform represents the applied voltage (E). 
Note that its amplitude is higher than either the resistor voltage or the capacitor 
voltage as you would expect. Another important point is that the applied voltage 
is not in phase with the current or with either the capacitor or resistor voltages. 
The current in the circuit leads the applied voltage as it will in any capacitive 
circuit. But since the circuit is not purely capacitive, the current leads the applied 
voltage by some angle less than 90°. 


In this example, the current leads the applied voltage by approximately 45°. This 
difference in phase is called the phase shift or, more commonly, the phase angle. 
Shortly, you will see how the word angle comes into play. 


If a circuit has no resistance, it is purely capacitive and the current through the 
circuit leads the applied voltage by 90°. On the other hand, if the circuit is purely 
resistive, the current and voltage are in phase. When both resistors and capaci- 
tance are present in a circuit, the phase difference between the current and the 
applied voltage is some value between 0° and 90°. 


The exact amount of the phase shift is determined by the amount of resistance 
and capacitive reactance in the circuit. Before you get into phase angle calcula- 
tions, take a closer look at the voltage relationships in a series RC circuit. 


When you use Kirchhoff’s Law to analyze a series RC circuit, you must realize 
that it is not possible to directly add the numerical values of the voltage drops 
across the resistive and capacitive components of the circuit to obtain the applied 
voltage. The voltage drops across the resistance and the capacitive reactance are 
not in phase with one another. In order to obtain the correct applied voltage, you 
must correct for the phase difference between the two voltages. You can do this 
by vector addition. 


Vector Diagrams 


In the physical world, there are quantities that are expressed in specific units. 
Ohms, inches, and pounds are all examples of these quantities. These quantities 
are measured in scalar values and, in order to find the sum of a number of like 
quantities, you just add them together. For example: 


5 Q +10 Q =15Q 


Problem solving with scalar quantities is easy enough because it involves simple 
addition. 


Other physical quantities have two properties; magnitude and direction. Any quan- 
tity that has both magnitude and direction is called a vector. Miles traveled in a 
northeast direction, altitude gained in feet while traveling west, and volts at 90° 
are all examples of vector quantities. 
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It is possible to add vectors but you must take into consideration both the magni- 
tude and the direction of the vector. In order to make this easier, you should draw 
a vector diagram when you analyze AC circuits. The basic format for vector 
diagrams is shown in Figure 3-19. 


+Y 
90° 


0° (360°) +X 





Figure 3-19 
Vector diagram format. 


This illustration consists of two lines, axis, which are perpendicular to each other. 
The horizontal line is the X axis and the vertical line is the Y axis. The point at 
which these two lines cross is the origin and it is labeled zero. You measure the 
magnitude, or value, of any vector outward from the origin. The direction of a 
vector corresponds to its phase differences in degrees. As you can see in Figure 
3-19, the ends of the axis are labeled 0 (360), 90, 180, and 270. When you rotate 
the vector, it starts at 0 and travels in a counterclockwise direction until it reaches 
360. This is one complete revolution and ends at the origin. Now that you are 
familiar with the basic groundwork of the vector diagram, look at an example. 


Figure 3-20 shows the vector diagram of a series RC circuit. A current vector, I, 
is shown on the X axis pointing to the right. This vector represents the value of 
the current flow in the series RC circuit. It is a reference vector for the diagram 
because the current value is the same at all points in a series circuit. Coinciding 
with this vector is another vector labeled E,. The length of this vector, from the 
origin to the point of the vector, represents the voltage dropped across the resis- 
tive portion of the circuit. This is the actual voltage as it would be measured with 
a voltmeter. It is an effective, or rms, voltage and is equal to .707 times the peak 
voltage across the resistor. The voltage vector overlaps the current vector be- 
cause they are in phase. 
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Figure 3-20 
Vector diagram of a series RC circuit. 


The voltage across the capacitor is labeled Ec. This is the actual voltage that is 
measurable across the capacitor and it is an effective value. Note that the direc- 
tion of the capacitor voltage is shifted 90° from the direction of the resistor volt- 
age. This is because there is a phase shift between the resistive and capacitive 
components in the circuit. 


The applied voltage, the voltage supplied to the circuit, is the vector sum of the 
capacitor and resistor voltages. To graphically accomplish the vector addition, 
first use the resistor and capacitor voltages to form a rectangle. This is shown by 
the dashed lines in Figure 3-20. 


The magnitude, or value, of the applied voltage is the distance from the origin to 
the far corner of the completed rectangle. Stated another way, the value of the 
applied voltage is represented by the diagonal line that is drawn from the origin 
across the rectangle. 


The angle formed by the applied voltage vector and the resistive voltage vector 
represents the amount of phase shift that exists between circuit current and cir- 
cuit voltage. This angle is always between 0 and 90 degrees. Later you will learn 
how to calculate this value but, for now, you need to know more about vector 
addition. 


You can now use the illustration created by the graphic solution of vector addi- 
tion to determine the actual applied voltage. The diagonal line that represents the 
applied voltage splits the rectangle into two triangles. These triangles are right 
triangles because they each have a 90° angle as shown in Figure 3-20. In addi- 
tion, you also know the length of two sides of the triangles, represented by the 
capacitor and resistor voltages. 
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When you know the value, or length, of any two sides of a right triangle, you can 
use a mathematical formula called the Pythagorean Theorem to determine the 
value of the third side. Appendix A of this unit describes this theorem in detail. If 
you are not familiar with the Pythagorean Theorem, refer to Appendix A at this 
time. Once you understand this theorem, return to this point and continue your 
study. 





E= \Ep2rEc? 


Figure 3-21 
Voltage vector triangle 
of a series RC circuit. 


In Figure 3-21, the side of the triangle that represents the applied voltage is the 
side directly opposite the 90° angle. This side is called the hypotenuse and you 
can use the Pythagorean Theorem to compute its length. 


E =V (ER + ER 


This expression indicates that if you square the resistor voltage and add it to the 
square of the capacitor voltage, and then take the square root of the sum, the 
result is the applied voltage. 


You can rearrange the equation, to find the applied voltage, when you know the 
resistor and capacitor voltages. You can compute the resistor voltage if you know 


the applied voltage and capacitor voltage, or you can compute the capacitor volt- 
age if you know the applied voltage and resistor voltage. These two formulas are: 


Er = V (Œ - Eo 
Ec =y (ŒV - Œr) 
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The examples below show the use of the formulas. 


1. What is the applied voltage in a series RC circuit where the resistor voltage 
is 12 volts and the capacitor voltage is 18 volts? 


E = y (Er) + (Ec) 
E=V127 +18 
E = V144 + 324 
E = 468 


E = 21.63 volts 


2. The voltage applied to a series RC circuit is 115 volts. The current in the 
circuit is .0075 amperes. The resistor value is 5 kilohms. What is the capaci- 
tor voltage? 

5k = 5000 
First, calculate the resistor voltage: 
Ep = IR 
Ep = .0075 (5000) 


Ep = 37.5 volts 


Next, calculate the capacitor voltage: 
Ec= VEF -Ex 
Ec =V115° - 37.5" 
Eo = 713225 — 1406.25 


Eco =¥11818.75 


Ec = 108.7 volts 


Note that anytime you know any 2 sides of a right triangle, you can use Pythagorean 
Theorem to calculate the third side. 
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Impedance 


Impedance is the total opposition to current flow in an AC circuit. In a circuit that 
consists of a resistor and a capacitor, the total opposition is the sum of the capaci- 
tive reactance and the resistance. Both the reactance and the resistance impede 
current flow. Due to the phase shift created by the capacitor, you cannot directly 
sum the capacitive reactance and resistance, just as you cannot directly sum the 
voltage drops across the capacitor and resistor in a series RC circuit. The imped- 
ance is the vector sum of the capacitive reactance and resistance. 


The impedance of an AC circuit is expressed in ohms and is designated by the 
letter Z. You can define the impedance in terms of Ohm’s Law just as you defined 
the total resistance of a DC circuit. The impedance of an AC circuit equals the 
applied voltage divided by total circuit current: 


Z= 


tT 


You can use basic algebra to rearrange this expression to obtain the expressions 
for voltage and current in terms of the circuit impedance: 


E=IZ 


—_— 
1il 
Niti 


In the previous section, you saw that due to the phase shift caused by the capaci- 
tor in a series RC circuit, you cannot directly add the voltage drops across the 
capacitor and resistor to obtain the applied voltage. Instead, you had to calculate 
a vector sum to obtain the correct value. The voltage drops across the resistor and 
capacitor in a series RC circuit are directly proportional to the current. Since the 
current through a series circuit is the same in all components, you can say that the 
voltage drops across the circuit components are directly proportional to their re- 
sistance or reactance. For that reason, you can draw a diagram exactly like the 
voltage vector diagram that you learned about earlier to obtain the total imped- 
ance of the circuit. This vector diagram is shown in Figure 3-22. Here, the current 
vector is again used as the reference. The resistance vector coincides with the 
current vector because the resistive voltage drop is in phase with current. In this 
case, the length of the vector is proportional to the resistance. 





Figure 3-22 
Impedance vector diagram 
of a series RC circuit. 


Another vector that represents the magnitude of the capacitive reactance, Xo, is 
drawn 90° out of phase with the resistance vector to take into account the 90° 
phase shift produced by the capacitor. Complete the rectangle that is formed by 
the resistance and reactance vectors and draw the diagonal line as indicated to 
obtain the magnitude of the impedance. The length of the diagonal line repre- 
sents the total opposition to current flow. With Pythagorean’s theorem, you can 
write an expression for the impedance of the circuit in terms of the resistance and 
reactance: 


Z=/R + Xe 


This expression shows that the impedance is equal to the square root of the sum 
of the resistance squared and the capacitive reactance squared. You can use basic 
algebra to rearrange this formula to compute the circuit resistance in terms of the 
impedance and reactance, or the capacitive reactance in terms of the impedance 
and resistance: 


R=VZ -Xe 
Xc=VZ -R° 
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The following examples show you how to use these formulas. 


1. What is the impedance of a series RC circuit with a resistance of 50 ohms 
and a reactance of 75 ohms? 


Z=V/R°+X-" 
Z=V50? +757 


Z = 42500 + 5625 


Z=V8125 


Z = 90.14 ohms 
2. A series RC circuit has an applied voltage of 120 volts. The current is 


02 amperes. The circuit resistance is 4000 ohms. What is the capacitive 
reactance? 


Z= 


|ti 


-120 
Z= 02 = 6000 ohms 


Xc=VZ’ -R° 
Xc = V 6000? — 4000? 
X¢ = ¥36000000 — 16000000 


Xc = 120000000 


Xc = 4472 ohms 


Power in AC Circuits 


Whenever an AC voltage is applied to a resistance, current flows and electrical 
energy is converted into heat energy. The heat energy, or power, is dissipated in 
the resistance. All of the basic formulas for computing power dissipation in resis- 
tive DC circuits are applicable to power computation in a resistive AC circuit: 


P=El 

P=LR 
-E 

PER 


When you use these formulas to compute AC power dissipation, make sure the 
voltage and current are the effective, or rms, values. 


Figure 3-23 is a diagram of the voltage, current, and power in an AC resistive 
circuit. Note that the applied voltage and the current are in phase. To obtain power, 
multiply the instantaneous values of current and voltage, and plot the resulting 
products as a power curve. The instantaneous values are the values of current and 
voltage at any given instant in time during each current and voltage cycle. 


P (WATTS) 





Figure 3-23 
Power in a resistive AC circuit. 


The product of a positive voltage and a positive current is shown as the first 
positive power peak. When you multiply the negative current and voltage, you 
get another positive peak. The power curve is positive and sinusoidal in shape. 
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Since the entire power curve is positive, it is possible to determine the actual 
power dissipated if you draw a line halfway between the maximum and zero 
points on the power curve. The value that is represented by this line is the product 
of the rms values of current and resistance in the circuit. For this reason, it is 
called true power. Since power is dissipated only in resistance, the true power is 
the only power dissipated in an AC circuit. 


When you analyze an AC circuit, power appears to be dissipated by both induc- 
tive and capacitive components. However, due to the phase shift between the 
current and voltage through reactive components, they do not actually dissipate 
power. Figure 3-24 shows why. 


POSITIVE 
POWER 


NEGATIVE 
POWER 


Figure 3-24 


Power in a purely capacitive circuit. 


In a purely capacitive circuit, current leads the applied voltage by 90°. To com- 
pute the power in this circuit, multiply the instantaneous values of current and 
voltage and plot the resulting power curve. Unlike the resistive power curve in 
Figure 3-23, the power curve in a purely capacitive circuit is both positive and 
negative. What this power curve tells you is that during one half cycle of the 
applied voltage, the capacitor appears to consume power. This is indicated by the 
positive part of the power curve. During the other half cycle, the power is nega- 
tive. It is during this time that the capacitor actually acts as the supply and fur- 
nishes power to the source. When the capacitor charges, it consumes power. When 
it discharges, it gives power back to the circuit. Since the positive and negative 
power curves are equal and opposite, the total average effect is zero. This means 
that no power is dissipated in a purely capacitive circuit. 


Figure 3-25A illustrates the power in an AC circuit that contains both capacitance 
and resistance. Note that the current leads the voltage by some angle less than 
90°. With this condition, the positive power is greater than the negative power. 
The negative power is still the result of the ability of a capacitor to store a charge 


and then return it to the circuit. The curve indicates that the resistor is dissipating 
power in the form of heat. Since a purely capacitive circuit dissipates no power, 
a purely resistive circuit dissipates all of the power in the form of heat. But in a 
circuit that contains both resistance and reactance, power is dissipated only in the 
resistance. 





Figure 3-25 
Power dissipation in a 
series RC circuit. 


It is possible to construct a vector diagram for the power that is used, or appears 
to be used in an RC circuit. Such a diagram is shown in Figure 3-25B. In this 
diagram, the true power measured in watts (W), is shown on the X axis. The 
power that appears to be dissipated by the capacitive portion of the circuit mea- 
sured in volt/amps reactive (VARS), is shown on the Y axis. The vector sum of 
the watts and volt/amps reactive is called apparent power. The unit of measure 
for apparent power is the volt/amp (VA). 


You can use the appropriate Ohm’s Law power formula to calculate all of the 
values that are used in the power triangle. For example, the power that is dissi- 
pated by the resistive portion of the circuit is the product of the voltage drop 
across the resistor and the current through the resistor. The apparent power is the 
product of the applied voltage and circuit, or total, current. The volt/amps reac- 
tive is the product of the voltage drop across the capacitive component and the 
circuit current. 
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POWER FACTOR 


When you use the formula P = EI to compute the power in a circuit that contains 
both resistance and capacitance, you obtain a value called apparent power. It is 
called apparent power because power appears to be dissipated because an ap- 
plied voltage causes current to flow. In a purely capacitive circuit, current does 
flow when an AC voltage is applied. However no real power is dissipated. In a 
purely reactive circuit, one that contains only a capacitor, this apparent power is 
sometimes referred to as reactive power. In a circuit that contains both resistance 
and capacitance, the apparent power includes both the true power dissipated in 
the circuit resistance, and the power that appears to be dissipated in the capacitor. 


The ratio of the true power to the apparent power in an AC circuit is referred to as 
power factor, PF. This is expressed in the formula: 


pp- uepower_ ___watts 
~ apparent power ~ volts / amps 


The power factor is an excellent indication of the relative amounts of resistance 
and reactance in a given circuit. In a purely resistive circuit, the true power and 
the apparent power are equal. Therefore, the power factor is one. In a purely 
reactive circuit, such as one that contains only a capacitor, the true power is zero. 
For circuits that contain both resistance and reactance, the power factor is always 
some value between zero and one. The greater the power factor, the more resis- 
tive the circuit. The lower the power factor, the greater the circuit reactance. 


More importantly, however, the power factor is an indication of the efficiency of 
a circuit. In any circuit, work is performed only by the current that flows through 
the resistive portion of the circuit. The reactive current performs no work. 


Later in the course, during the discussion of tuned circuits, you will learn how 
you can change the power factor of a circuit and make the circuit operate more 
efficiently. 


In a series RC circuit, you can also use the values of the resistance and the reac- 


tance in the circuit to determine the power factor. In fact, the power factor is 
equal to the ratio of the resistance to the total impedance of the series RC circuit: 


PF = 


Niv 


You can also determine power factor when you know the applied voltage and the 
voltage drop across the resistance in the circuit. In this case: 


Er 


PF = >—_ 
E APPLIED 
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Phase Shift 


To compute the phase shift for an RC circuit, you have to use trigonometry. If 
you do not understand the fundamentals of trigonometry, refer to Appendix B at 
the end of this unit. After you review this appendix, return to this point and con- 
tinue your study. 


In a capacitive AC circuit, the current leads the applied voltage. In a purely ca- 
pacitive circuit, the current leads the voltage by 90°. When a resistance is intro- 
duced into the circuit, the phase shift is something less than 90°. You can deter- 
mine the exact amount of the phase shift in a circuit with basic trigonometry. 
Here’s how. 


As you know, for any AC circuit, it is possible to construct a voltage, impedance, 
and power vector diagram. Figure 3-26A is a series RC circuit. The impedance 
vector diagram is shown in Figure 3-26B, the voltage diagram in 3-26C, and the 
power diagram in 3-26D. As you can see, in each instance, vectors are used to 
construct a triangle. You can use the sine and cosine functions to determine the 
phase shift in this circuit. 











Ec=70.75V 166.8VARS 


Figure 3-26 
A typical series RC circuit. 
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The sine of an angle is equal to the value of the opposite side divided by the 
hypotenuse. The sine of the impedance triangle equals: 


300 _ 
4724077 


Once you know the sine of the angle, just use the table located in Appendix C of 
this unit to find that the phase shift for the circuit is 45°. 


You can also use the cosine of the angle to determine the phase shift. This time, 
however, use the values from the power triangle. The cosine of the angle equals: 


A 1668W _ 
H 2359vA 7 V 


Again, if you refer to the table in Appendix C, you find that the phase shift is 45°. 


Remember that .707 is the rms or effective value of a sine wave. It is also the 
point where the voltage and current waveforms intersect when the resistance and 
capacitive reactances are equal. The angle of 45° and the numerical value of .707 
are extremely important in electronics. 


You may have noticed that when you calculated the cosine of the angle, you 
divided the true power by the apparent power. Recall that true power divided by 
the apparent power equals the power factor of the circuit. Therefore: 


pF = —True Power 
Apparent Power 


=cos 8 

Another relationship that you should be aware of is that the sine starts at 0° and 
increases to maximum at 90°. The cosine function is maximum at 0° and de- 
creases to minimum at 90°. The sine and cosine waves intersect once each 90° at 
an angle of 45° (a numerical value of .707). 


Trigonometry, Triangles, and Vector Diagrams 


You can use the various trigonometric relationships to determine not only the 
phase shift of a circuit but also the length of any vector in a vector diagram when 
you know the lengths of the other two vectors. 


Look again at Figure 3-26C. Assume that you know the applied voltage, 100 
volts, and the voltage drop across the resistance in the circuit, 70.75 volts. In 
order to determine the voltage drop across the circuit capacitor, you must first 


determine the phase shift. Since you know the resistive voltage and the applied 
voltage, use the cosine: 


cos = 4 = DEY = 707 


100 V 


Now refer to Appendix C and find that the angle that has a cosine of .707 is 
approximately 45°. Once you know the angle, look up the sine of the angle. This, 
again, is .707. Now use the formula: 





sin = 2 
or 
Z Ec 
107 = 09 V 


now transpose: 
.707 X 100 volts = 70.7 volts. 
At an angle of 45°, the voltage drop across the capacitive portion of the circuit is 


70.7 volts. 


Parallel RC Circuits 


Thus far, your study of RC circuits has been limited to series RC circuits. It is 
also possible to connect RC circuits in parallel configurations. An elementary 
parallel RC circuit is shown in Figure 3-27. 





Figure 3-27 
Current vector diagram of a 
parallel RC circuit. 
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As with the series RC circuit, Ohm’s Law applies to all of the components within 
the circuit. Also, as with the series RC circuit, when you determine circuit un- 
knowns, it is necessary to use vector addition. However, when you draw vector 
diagrams for parallel circuits, there is one major difference. 


As you know, in a series circuit, current is used as a reference because it is the 
same at all points in the circuit. In a parallel RC circuit vector diagram you must 
use voltage as a reference. Remember, the voltage across all branches of a paral- 
lel circuit are equal. You will now look at a basic circuit and some vector dia- 
grams to see exactly what differences there are. 


Figure 3-28A shows an elementary RC parallel circuit. In this circuit, the voltage 
drop across both the resistor and the capacitor is 100 volts. Since you know the 
voltage drop as well as the capacitive reactance and resistance, it is possible to 
use Ohm’s Law to determine the current through the components. 


100 V _ 
I= 00 7! Â 
and: 
_100V _ 
I= OG =2A 


100V R xc 
60Hz 1000. 500 





Figure 3-28 


The vector diagram that uses these two values is shown in Figure 3-28B. You can 
now find the circuit current with either the Pythagorean Theorem or trigonomet- 
ric functions. The Pythagorean Theorem method is shown here: 


=V +I 

I=V/1 +27 

I= 2.23 A 
The trigonometric method is somewhat more roundabout, but you can also use it. 
First, use the available information to form one of the basic trigonometric func- 
tions. For the current triangle, you know both the opposite and adjacent sides. 


This is the tangent function. Therefore: 


EDTA 
tanO@= A =F 2 


Refer now to the table in Appendix C and you find that a 64° angle has a tangent 
of 2. 


The next step is to find either the sine or the cosine of the 64° angle. For this 
example, use the sine value, .899. Now put the known values into the proper 
trigonometric equation: 


SUAT _O_2A 
sin 0 = .899 = Se 
now transpose: 
— os = 
I= 309 2.23 A 


You can also solve the triangle for the power vector diagram (Figure 3-28C) with 
Ohm’s Law, the Pythagorean Theorem, and the various trigonometric functions. 


One more thing about parallel RC circuits. You may have noticed that an imped- 
ance vector diagram is not shown in Figure 3-28. This is because the impedance 
triangle for a parallel circuit is somewhat unique. You may recall from your study 
of DC electronics that the resistance of a parallel circuit is always less than the 
smallest resistive branch in the circuit. The same general principle holds true for 
impedance in a parallel RC circuit. The impedance is always less than the smaller 
of the two current-opposing components. 
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For this reason, when you construct the impedance vector diagram, you must use 
the reciprocal of the resistance and capacitive reactance, and the resulting vector 
will be the reciprocal of the actual impedance. 


Figure 3-29 illustrates this point. Note that the total impedance is less than either 
the capacitive reactance or the resistance. If you wish to use either the Pythagorean 
Theorem or any of the trigonometric functions to solve for impedance, you must 
always use reciprocal values. Since reciprocal values are harder to work with 
than standard numerical values, it is best, when possible, to use Ohm’s Law to 
obtain impedance, resistance, or capacitive reactance. 





R=1000 
Xo=500 
2=44.70 


Figure 3-29 


However, if only the capacitive reactance and resistance are available, you can 
use this derivation of the parallel resistance formula to calculate impedance: 


z= Re 
JR? +X" 


As you have probably noticed, there are any number of ways to obtain the correct 
results when you analyze AC circuits. The key is to be extremely familiar with 
the trigonometric relationships as well as Pythagorean’s Theorem. Be sure that 
you have mastered these formulas before you proceed with the remainder of this 
text. 


Programmed Review 


73. In an AC circuit that contains only capacitance, the current and ap- 
plied voltage are out of 


. (phase) The characteristics of a capacitor cause the current to 
the voltage. 


. (lead) The phase angle in a purely capacitive circuit is 
degrees. 


. (90) Ina purely resistive AC circuit, the current and voltage are in step 
with one another. In other words there is no 


. (phase shift) The current and voltage are in phase in a resistive AC 
circuit. The phase angle is 0°. When capacitance and resistance are 


combined in an AC circuit, the current still the applied 
voltage. 


. (leads) The phase angle is between 
degrees. 


. (0, 90) The phase shift is more than 0° but less than 90°. The actual 
value of phase shift in a series RC circuit is a function of the 
and 


. (resistance, capacitive reactance) The R and C values determine the 
phase angle. More specifically, the phase shift depends upon the resis- 
tance and capacitive reactance. Capacitive reactance is a function of 
the capacitance and 
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81. (frequency) The phase shift is frequency sensitive. You can use a num- 
ber of expressions to determine the actual phase shift. One of them is: 


20. 
tan= = 


With this expression, you can determine the tangent of the angle theta, 
Now, use the tangent ratio and the tables in Appendix C to calculate 
the phase shift in a circuit where R = 1280 ohms and X = 1000 ohms. 
degrees. 


Phase shift = degrees. 


_ 1000 _ 
82. (38) tan 0 = 1280 7-781 


Look up .781 in the tangent column and you can see that it corre- 
sponds to 38°. In a series RC circuit, the applied voltage divides be- 
tween the components according to their resistance and reactance. The 
current is the same in all components. Therefore, you can use Ohm’s 
Law to compute the voltage drops. The resistive voltage drop E, = 


83. (IR) The capacitor voltage drop is E, = ' 


84. (IX) The sum of the voltage drops is equal to the source voltage. True 
or false? : 


85. (false) You cannot directly add the voltage drops to obtain the applied 
voltage due to the phase difference between the resistive and reactive 
drops. To obtain the applied voltage, you must add the voltage drops 
with 


86. (vectors) A voltage vector is a line whose length represents the 
of the voltage and its direction represents its 
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87. (amplitude, phase) You can carry out vector addition of voltages graphi- 
cally on a vector diagram, but can also accomplish the addition with 
the formula 


. Z=\/ (Œ+ Eo This formula is Pythagorean’s theorem for volt- 
ages. If the resistor voltage is 9 volts and the capacitor voltage is 11 
volts, the applied voltage E is volts. 


. (14.2) E= 97+ 11” =V81 + 121 =v202 = 14.2 The total opposition 
to current flow in an AC circuit is called 


. (impedance) You determine the impedance with the values of 
and in a circuit. 


. (resistance, capacitive reactance) You compute the impedance with 


theformula_ CC 


. (Z=/R’*+ X ) The impedance of a circuit where R = 47 ohms and 
X, = 80 ohms is ohms. 


. (92.8) Z = V 47+ 80° = V2209 + 6400 = 8609 = 92.8 ohms. The 


phase angle of this circuit is degrees. 


-Xe 
. (59.6) tan 0 = >> = 
When you use the correct table, you find H = 59.6°. If you know the 


applied voltage and the total current, you can determine the imped- 
ance of the circuit with the formula 


; (Z=) In an AC circuit, power is dissipated only in the 
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96. (resistance) This power is called power. 


97. (true) An AC circuit that contains both resistance and reactance ap- 
pears dissipate more power than it actually is. To determine this power, 
you multiply the applied voltage and the total circuit current (P = ED). 
This is called power. 


A 











. (apparent) The apparent power is always 
power. 







. (greater) In a parallel RC circuit, the phase shift is such that the total 
circuit current the applied voltage. 







100. (leads) You can compute the impedance of a parallel RC circuit with 
the formula when you know the resistance and reac- 
tance. 






EXPERIMENT 3 


RC Circuits 


OBJECTIVES: To demonstrate the characteristics of an (RC) resistor- 
capacitor AC circuit. 


To compare calculated AC circuit values with the corre- 
sponding measured values. 


To examine the effects on total capacitance when you con- 
nect capacitors in series or parallel. 


To observe accurate measurements by rotating components 
towards the ground before you make new measurements. 


To calculate total capacitance in both series and parallel 
circuits. 


Material Required 


Heathkit Analog Trainer 

AC Voltmeter 

1 — 0.039 uF capacitor 

1 — 0.1 uF capacitor 

1 — 0.47 uF capacitor 

1 — 4.7 kQ, 1/2-watt resistor (yellow-violet-red) 


Procedure 


1. Construct the circuit shown in Figure 3-30A. Be sure to observe polarity 
when you construct this circuit. As with the last experiment, you must ob- 
serve proper grounding because both the trainer and your test instrument 
may share a common ground. You will use the 15-volt, 60 Hz line source as 
the applied voltage. 
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15VAC 4.7k 47 uF 
60Hz E = APPLIED VOLTAGE 1 Evie = = APPLIED VOLTAGE 
Cy Ry 
47 pF 4.7k 


Figure 3-30 
Experimental circuit for Experiment 3. 


2. Use your AC voltmeter to measure the voltage source that is connected to 
the circuit. To do this, connect the negative voltmeter probe to ground and 
the positive probe to one of the 15 VAC terminals of the power supply. The 
voltage that you measure may be slightly above or below 15 VAC. Record 
your voltage in the space provided below: 


E, = volts 


The voltage you measured here is expressed in terms of which value? Check "~ 
the correct answer. 


A. average 

B. rms 

C. peak 

D. peak-to-peak 


3. With the resistor and capacitor values given in Figure 3-30, and the voltage 
you measured in step 2, compute the following: 


Capacitive reactance Xc = ohms 
Impedance Ze ohms 
Current I = amperes 
Resistor voltage Er = volts 
Capacitor voltage Ec = volts 
Phase angle 0 = degrees 
Power P = watts 
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4. Be sure your meter is properly grounded; then measure the voltage across 
capacitor C, in the circuit shown in Figure 3-30A. Record this voltage in 
the space provided below: 


Ec= volts 
Now, turn off the trainer and construct the circuit shown in figure 3-30B. 
Note that you can either swap the components, or switch the power supply 
leads. 
When you rotate the components to your ground reference point, this helps 
you avoid the problem of ground loops. These ground loops cause inaccu- 
rate readings which can lead to large discrepancies between your calculated 


and measured values. 


Turn on your trainer and measure the voltage drop across R,. Record the 
value in the space provided below: 


Ep = volts 


5. Add the resistor and capacitor voltages that you measured above and record 
the sum in the space provided below: 


Er + Ec = volts 
Does the sum of the resistor and capacitor voltage equal the applied voltage 
that you measured in step 1? If not, why? 
6. Use your measured resistor voltage and the resistance to compute the cir- 
cuit current. Record your value in the space provided below: 
I= amperes 
Does the circuit current you computed agree with the current value you 


calculated in step 3? If not, why? 


7. Use the values of resistance, reactance, and impedance for this circuit to 
construct a vector diagram. Indicate the value of the phase angle. 
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Discussion 


In the first step of this experiment, you constructed a simple RC series circuit. 
The power for the circuit is supplied by the 60 Hz line source on your Trainer. 


Next, you measured the line voltage with your AC voltmeter. This value may 
vary from the nominal 15 VAC value. It is not critical that you have exactly 15 
volts. But, it is extremely important that you know the true voltage output from 
the power supply so that you can make accurate computations of other circuit 
values. 


The line voltage is measured in rms, or effective, value. 

The next step of this experiment required you to use certain known values, such 
as resistance, capacitance, and applied voltage to calculate various circuit char- 
acteristics. An example of appropriate calculations follows. Be aware that there 
are many ways to compute unknown quantities for an AC circuit. It is not neces- 
sary that you use the exact format that follows. Arriving at the correct answer by 


the correct application of theory is the important point. At any rate, here are the 
answers. 


eens Be oe ae nae 
Xe = aC = (628) x60) x (00000047) = 9645-4 ohms 


It is now possible to perform a vector addition of the resistance and capacitive 
reactance in the circuit to determine the circuit impedance. To do this you can use 
the Pythagorean Theorem. 


Z=VR + Xe 
Z = 4700" + 5645.47 
Z = (22,090,000 + 31,870,541 


Z = /53,960,541 = 7345.8 ohms 


After you calculate the impedance, use Ohm’s Law to compute the circuit cur- 
rent: 


= a5 =~ = -00204 amperes 
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Since you know that current is the same along all points in a series circuit, you 
can use the circuit current you calculated in the previous step along with the 
values of capacitive reactance and resistance to determine Eç and Eg: 


Er = IRR = .00204 (4700) = 9.59 volts 
Ec = Xe = .00204 (5645.4) = 11.52 volts 
You can now determine the phase angle, or shift, for the circuit. First, find the 


tangent of the angle theta. To do this, find the ratio of the capacitive reactance to 
the resistance. 





_ Xe _ 5645.4 _ 
tan 0 = FO = Pope = 1.2 


Then check the table in Appendix C to determine the phase angle. 
6 =50° 
You can use the following formula to determine the true power in watts: 
P = PR = (.00204)” 4700 = .0195 watts or 19.5 milliwatts 


The voltages you measured in step 4 should compare favorably with your calcu- 
lated values in step 3. By rotating the components to reposition ground helped 
you insure a greater degree of accuracy. Your results should have been fairly 
close, although there still may be differences caused by component tolerances, as 
well as poor AC meter sensitivity and frequency response. 


The sum of the resistor and capacitor voltages you calculated in step 5 exceeds 
the applied voltage measured in step 2. This is because the applied voltage you 
measured in step 2 is actually the vector sum of the resistor and capacitor volt- 
ages. If you use the resistor and capacitor voltages to construct a voltage vector 
diagram, you will find that the vector sum of these two voltages does equal the 
applied voltage. 


In step 6, you used the resistor voltage and resistance in an Ohm’s Law calcula- 
tion to determine the circuit current. This current agrees with the calculation 
from step 3. This is because current is the same at all points in a series AC circuit. 
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Finally, a vector diagram which shows resistance, reactance, impedance, and phase 
angle is shown in Figure 3-31. 


Xc=5645.4 Q 





Figure 3-31 
Impedance vector diagram for experiment circuit. 
Procedure (continued) 


In the following steps you will show the effect of connecting capacitors in paral- 
lel and in series. 


8. Construct the circuit shown in Figure 3-32A. Note that this circuit is similar 
to the experimental circuit you constructed from Figure 3-30A. The only 
difference is that two additional capacitors have been added. These two 
capacitors are connected in parallel with the 0.47 uF capacitor in the origi- 
nal circuit. 










Cg= 
0.039uF 





Figure 3-32 
Experimental circuits for steps 8 through 13. 


10. 


11. 


12. 


13. 


Use the rules for parallel capacitance and the capacitive values given in 
Figure 3-32A to compute the total circuit capacitance. Record your total 
circuit capacitance below: 


Cp=__ OF 


Apply power to the experimental circuit. Use your AC voltmeter to mea- 
sure the voltage across the parallel capacitor combination. Record this volt- 
age below: 


Ec = volts 


Now, turn off the trainer and interchange the leads from the 15 VAC source. 
This, in effect, changes the circuit to the one shown in Figure 3-32B. Mea- 
sure the voltage across the resistor and record this voltage below: 


Er = volts 


Use the resistor voltage you measured in step 10 and the resistance of R to 
compute the current that flows in the circuit. Record this value of current in 
the space provided: 


I=______—soamperes 


Use the capacitor voltage you measured in step 10 and the current you com- 
puted in step 11 to compute the capacitive reactance in the circuit. Record 
this value of capacitance reactance below: 


Xc= ohms 


Since you know the capacitive reactance and the frequency of the applied 
voltage, you can now calculate the total circuit capacitance. Record this 
value of capacitance in the space provided: 


Cp =___ HF 


How does your computed value of capacitance obtained in step 9 compare 
with the value obtained from measurements in step 13? Explain any dis- 
crepancies. 


How does the total capacitance compare to the original circuit capacitance 
in Figure 3-30? 
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14. Modify the wiring in your experimental circuit so that it appears as shown 
in Figure 3-33A. Here, you connect the 0.47 uF and 0.1 uF capacitors in 
series. The capacitor voltage in this circuit is the voltage across both capaci- 
tors. Double check you wiring of the circuit to be sure that it is exactly as 


shown. 
R=4.7kO | ceil 
15VAC 15VAC | 
60HZ 60HZ 


C4=0.47pF 


Co=0. 1pF Í 


C2=0. 1pF 












R=4.7kO 


Figure 3-33 
Experimental circuits for 
steps 14 through 19. 


15. Use the rules for computing the total capacitance of two capacitors con- 
nected in series to find the total capacitance of the circuit in Figure 3-33A. 
Record your value below: 


Cy = uF 

16. Apply power to your experimental circuit. Measure the voltage across the 
two capacitors that are connected in series. Record this voltage in the space 
provided below: 

Ec = volts 

Turn off the Trainer and interchange the leads connected to the circuit. This 
results in the circuit shown in Figure 3-33B. Now, turn on the power and 
measure the voltage drop across the resistor in the circuit. Enter the voltage 
in the space below: 


Eg = volts 


17. Use your measured resistor voltage and the resistance value to compute the 
circuit current: 


I= amperes 
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18. Use your measured capacitor voltage and the current you computed in step 
17 to find the total capacitive reactance in the circuit: 


Xc= ohms 


19. Use your computed value of capacitive reactance and the frequency of the 
applied AC voltage to compute the total circuit capacitance. Record you 
value below: 


Cp=__uF 


Discussion 


In this part of the experiment you connected capacitors in paralle] and in series 
and noted the effect this had on the total circuit capacitance. The purpose of this 
experiment is to verify the rules you learned earlier for computing the total value 
of capacitors connected in parallel and in series. 


In steps 8 through 13, you demonstrated that the total capacitance of capacitors 
connected in parallel is simply the sum of the individual capacitors. In the circuit 
of Figure 3-30, the total circuit capacitance is: 


Crp =C, +O, +C; 


Cy =.47 uF + .1 pF + .039 pF = .609 uF 


To verify this total capacitance, you made measurements on the circuit. You mea- 
sured the resistor voltage and then computed the circuit current. This same value 
of current flows through the capacitive portion of the circuit. Next, you measured 
the capacitor voltage. Since you now knew the voltage across the parallel capaci- 
tor combination and the circuit current, you were able to compute the capacitive 
reactance. Then with the capacitive reactance and the 60 Hz input frequency, you 
computed the total circuit capacitance. Your computed value should correspond 
very closely to the parallel sum indicated above. The total capacitance is greater 
than that of the original circuit. Due to capacitor tolerances and errors in measur- 
ing the AC voltage, your values could be as much as 20% off. However, the 
values should be close. 


In step 14, you connected two capacitors in series. You computed the total equiva- 
lent capacitance and then made circuit measurements to verify this value. 
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The total capacitance of the 0.47 uF and 0.1 uF capacitors connected in series is 
indicated below: 








~ G:C, _ 470-1) _.047 _ 
oC 4c, el ST OO 


Note that this total value of capacitance is less than the smaller capacitor in the 
circuit. 


To verify that the total circuit capacitance is your calculated value, you measured 
the resistor and capacitor voltages. With the resistor voltage and the circuit resis- 
tance you computed the circuit current. This circuit current is common to the 
capacitors in the circuit. You then used the voltage across both capacitors and the 
circuit current to compute the total reactance in the circuit. Since you now knew 
the reactance and the 60 Hz frequency, you computed the circuit capacitance. 
Again, your computed value should correspond to the value you computed ear- 
lier with the given capacitor values. The two values should agree, but allow for 
component tolerances and measurement errors. 


Procedure (continued) 


In the following steps you will demonstrate how changes in capacitance and fre- 
quency affect the capacitive reactance in the circuit. 


20. In the previous steps, you already demonstrated the effect of changing the 
capacitance in a circuit. By assembling the data you accumulated earlier, 
you will see how changing the capacitance affects the reactance. In Figure 
3-30 the total circuit capacitance is .47 uF. In Figure 3-32 the total circuit 
capacitance is .609 uF. In Figure 3-33 the total capacitance is .0825 uF. In 
each of these circuits, you computed the total capacitive reactance. Record 
the corresponding values of reactance for each capacitor in the spaces pro- 


vided below: 
Cr = .609 uF Xc = ohms 
Cy = .47 uF Xc= ohms 
Cy = .0825 pF Xc= ohms 


21. When you study the data given in the step above, you should be able to 
draw some conclusions about how the reactance changes with a change in 
capacitance for a fixed frequency. Complete the following statements: 


When you increase the value of capacitance in a series RC circuit, the ca- 
pacitive reactance . When the value of capacitance decreases, 
the capacitive reactance 


22. In this step you will show how capacitive reactance varies with frequency. 
Construct the circuit shown in Figure 3-34. You will use the sine-wave sig- 
nal generated by the internal signal generator circuit on your trainer. Con- 
nect the SINE and GND outputs of the generator to the RC circuit you 
wired on the breadboarding socket. Set the range switch on the generator to 
the LOW position. Turn the frequency dial to the 200 Hz position. 





SINE 


R = 4.7kQ 


C = 0.039"F Ec 


GND 


Figure 3-34 
Experimenial circuit for step 22. 


23. Connect your AC voltmeter across the capacitor. Be sure you connect the 

a ground lead of your meter to the GND side of the generator output. Apply 

power to the Experimenter and measure the capacitor voltage. Record it in 
the space provided below: 


Ec = volts 


24. While you observe the AC voltage on your meter, slowly rotate the fre- 
quency dial on the generator in the clockwise direction. This increases the 
output frequency of the generator. Does the capacitor voltage increase or 
decrease? 


25. The voltage drop across the capacitor in this series RC circuit is directly 
proportional to the value of the capacitive reactance in the circuit. There- 
fore, you should conclude that increasing the frequency of the applied AC 
signal causes the capacitive reactance to . In a similar man- 
ner, decreasing the frequency causes the reactance to 


26. Switch the Trainer off and remove the circuit components from the Trainer. 
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Discussion 


In steps 21 and 22 you observed the effect on the capacitive reactance when you 
changed the capacitance in a circuit with a fixed frequency. When used the data 
you accumulated in previous steps, you saw that increasing the capacitance in the 
circuit caused the reactance to decrease. When capacitance decreases, the reac- 
tance increases. Clearly then, reactance is inversely proportional to the capaci- 
tance. Increasing the reactance also increases impedance which decreases the 
circuit current. Decreasing the reactance, decreases the impedance and increases 
the current. 


In steps 23 through 25, you demonstrated the effect that changing frequency has 
on the circuit reactance. You did this by measuring the voltage across a capacitor 
in a series RC circuit and then changing the frequency. Increasing the frequency 
causes the voltage across the capacitor to decrease. Since the voltage across the 
capacitor is proportional to the value of the capacitive reactance, the decrease in 
voltage indicates a decreasing reactance. In other words, as you rotate the gen- 
erator dial to increase the frequency, the capacitor voltage and the capacitive 
reactance decrease. Rotating the frequency dial in the counterclockwise direc- 
tion decreases the frequency and causes the voltage across the capacitor to rise. 
Decreasing the frequency then causes the reactance to increase. This demon- 
strates that the reactance is inversely proportional to frequency. 


EXPERIMENT 4 


Lissajous Patterns and Phase Angle 


OBJECTIVES: To identify Lissajous patterns. 


To determine the phase angle of Lissajous patterns displayed 
on an oscilloscope. 


To observe characteristic wave patterns and the effects of in- 
creasing frequency and resistance on these wave shapes. 


To demonstrate how an oscilloscope can provide a Lissajous 
pattern for evaluation of a graphic representation of phase and 
frequency. 


Material Required 


Heathkit Analog Trainer 

Oscilloscope 

1 — .1 uF capacitor 

1 — 100 Q, 1/2-watt resistor (brown-black-brown) 
1 — 1 KQ, 1/2-watt resistor (brown-black-red) 

1 — 4.7 kQ, 1/2-watt resistor (yellow-violet-red) 


Introduction 


In the first part of this experiment, you will construct a series RC circuit and 
measure the phase shift across the capacitor as compared to the input signal. This 
shift will be somewhere between 0° and 90°. In the second part of the experi- 
ment, you will vary both the resistance of the circuit and the frequency of the 
applied signal, and observe their effects on the phase shift within the circuit. 


Capacitive Circuits 
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Procedure 
1. Turn on your Trainer and oscilloscope. 


2. Use the procedure you learned in steps 1 through 13 of Experiment 2 to 
setup your oscilloscope. 


3. Set each VOLTS/DIV control to .5V andits variable to CAL. 


4. Adjust the Trainer Generator section for a sine wave with a frequency of 2 
kHz. Use your oscilloscope to observe the sine wave as you adjust the fre- 
quency. 


Remember, at 2 kHz, one cycle of the waveform is 500 us long. Therefore, 
if you set the scope sweep time for 100 j1/cm (.1 ms/cm), one cycle should 
be 5 centimeters long. By stretching one cycle over 5 centimeters, you can 
set the frequency more accurately than if you had the sweep time set for 500 
s/cm, which gives you one cycle-per-centimeter. 


5. Switch the Trainer off and construct the circuit shown in Figure 3-35. 





Figure 3-35 


6. Select the X-Y mode of operation on your oscilloscope. 
As in the last part of Experiment 2, the Channel B vertical input is used in 
place of the normal scope time base so you can observe Lissajous patterns 


on the display. 


7. Center the 1 kilohm pot on the Trainer and switch the Trainer on. 


10. 


11. 


12. 


Use the HORIZONTAL and Channel B’s VERTICAL POSITION controls 
on the scope to center the Lissajous pattern on the display. 


Adjust the 1 kilohm pot on the Trainer, and the CHANNEL A VOLTS/DIV 
range switch and its VARIABLE control on the scope to adjust the size and 


angle of the pattern until it is 6 cm wide and 6 cm high, as shown in Figure 
3-36. 


yA he i 
Eo 


þa— 6cm —ej 
Figure 3-36 
Make sure the waveform is still centered when you finish adjusting the size 
and angle of the Lissajous pattern. 
Now, mathematically calculate the phase shift in the circuit that you con- 
structed. The circuit resistance is 1000 ohms, capacitance is .1 F, and input 
signal frequency is 2 kHz. 


The phase angle is degrees. 


On your oscilloscope, count the number of minor (smaller) divisions be- 
tween points A and B as shown in Figure 3-37. 


A-to-B=______ divisions. 


(V3 


<——_— x 


Figure 3-37 
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13. Count the number of minor (smaller) divisions for measurement X as shown 
in Figure 3-37. 


X= divisions. 


14. With these two measurements, it is now possible to calculate the sine of the 
phase angle. You can use this formula: 


sin @ = AB 


Now insert your values and determine the sine of the phase angle. 
sin 9 = 
15. Find the angle in Appendix C of this unit. 


Phase Shift = degrees. 


Discussion 


The two signals that you used in this portion of the experiment were taken from 
different points in the circuit. The signal to the CHANNEL A INPUT of the oscil- 
loscope was taken immediately at the input to the circuit. The signal to the CHAN- 
NEL B INPUT was taken from a point after the position of the capacitor in the 
circuit. Since the capacitor is positioned between these two points, there is a 
phase difference between the two signals. This difference depends upon the amount 
of capacitive reactance and the amount of resistance in the circuit. 


The resistance of the circuit is 1000 ohms. At 2000 Hz, the .1 ,1F capacitor has a 
capacitive reactance of approximately 796 ohms. The vector diagram for this 
circuit is shown in Figure 3-38. With the trigonometric formula, you find: 





R = 1000Q 


Xo = 7960 


Figure 3-38 


When you check the table in Appendix C, you will find that the phase shift is 
somewhere between 38° and 39°. 


In steps 11 through 15 of the experiment, you used the oscilloscope to calculate 
the phase shift within the circuit. The number of minor divisions between points 
A and B is divided by the total number of minor divisions that the pattern spans. 
According to our calculations: 


Again, checking the table in Appendix C, you find that the phase shift is about 
39°. 


Now, it is necessary to clarify one point. Your results with the oscilloscope may 
vary quite a bit from the results you obtained when you used trigonometric calcu- 
lations. Bear in mind that the results with the scope presentation are affected by a 
number of things that are, for the most part, beyond your control. 


First, the capacitor may not be exactly .1 uF Remember, there is a tolerance of 
+5%, and this can induce some error. By the same token, the 1000 ohm resistor 
also has a +5% tolerance. 


Next, the oscilloscope itself can induce a small amount of error, and as you learned 
in Experiment 2, the scope probe can affect the phase of the signal. 


Finally, you used visual estimates to gain the data for the calculation. The care 
that you use in counting the minor divisions can have a great effect on the even- 
tual answer. 


As you can see, the oscilloscope is not the perfect method to calculate phase 
shift, but it is a very useful tool in arriving at an approximate 10% value. When 
you take all of this into consideration, if your answer is within 10% of the math- 
ematically-computed phase shift, you have performed the experiment correctly. 


Procedure (Continued) 

16. With a pencil, mark the position of the Trainer Generator frequency control 
on the front of the Trainer so you can return the control to its calibrated 2 
kHz position in a later step. 


17. Now, adjust the Trainer Generator frequency to approximately 200 Hz. 


18. Center the resulting Lissajous pattern on your oscilloscope, and draw the 
shape of this pattern on the graph in Figure 3-39A on the next page. 


3-84 | UNIT THREE 





19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


PHASE SHIFT =___. PHASE SHIFT « 
A B 

PHASE SHIFT + PHASE SHIFT = 
C D 


Figure 3-39 


Use the method described in the previous section of this experiment to cal- 
culate the phase shift of the circuit at this new frequency, and put your an- 
swer in the space provided in Figure 3-39A. 


Now, adjust the Trainer Generator frequency to approximately 20 kHz. Then, 
repeat steps 18 and 19 and record your findings in Figure 3-39B. 


Return the Trainer frequency to 2 kHz. 


Switch the Trainer off and replace the 1000 ohm resistor in the circuit with 
a 100 ohm resistor. 


Switch the Trainer on and record your findings in Figure 3-39C. 


Switch the Trainer off and replace the 100 ohm resistor in the circuit with a 
4700 ohm resistor. 


Switch the Trainer on and record your findings in Figure 3-39D. 


Switch the Trainer and oscilloscope off and remove the circuit components. 
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Discussion 


The illustrations shown in Figure 3-40 represent typical results that were arrived 
at for this portion of the experiment. Your results may vary somewhat from these. 


HASE SHIFT = 90° HASE SHIFT = 4° 


P P 
A B 


PHASE SHIFT = 90° PHASE SHIFT =_9° 
Figure 3-40 


When you decreased the output frequency of the Generator in step 17, the shape 
of the pattern changed significantly. This occurs because, as the frequency of the 
signal decreases, the capacitive reactance of the circuit increases. Mathemati- 
cally, the following equation predicts this: 


ool: 

Ao 2nfC 

As capacitive reactance increases, the phase shift increases. The calculation with 
the Lissajous pattern places the phase shift at about 90°. This is not mathemati- 
cally accurate, but it is close enough for a good approximation. 


In step 20, you increased the output frequency of the Generator. When this oc- 
curs, capacitive reactance decreases and the phase shift also decreases. Again, 
Figure 3-40B represents the approximate pattern and phase shift. 
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In step 23, the resistance of the circuit decreased to 100 ohms. This results in a 
circuit whose operation is dominated by the capacitor. The Lissajous pattern is 
almost a straight vertical line. With little resistance in the circuit, the phase shift 
is about 90°. 


Finally, in step 25, the resistance increased to 4700 ohms. As the circuit resis- 
tance increases, the phase angle decreases, because the ratio of the capacitive 
reactance to the resistance decreases. Remember, this ratio: 


Xo 
R 


is equal to the tangent of the angle theta. When you check the functions in the 
table in Appendix C, you find that the angle decreased to some point near 9°, as 
shown in Figure 3-40D. 


As you can see, a change in either the resistance or the input frequency to an RC 
circuit results in a change in the phase angle of the circuit. 
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APPLICATIONS OF CAPACITIVE CIRCUITS 


In this section you will learn some of the more important applications of capaci- 
tors in AC circuits. While capacitors are often used alone, usually they are com- 
bined with resistors or other components to form RC networks. Such networks 
have many practical applications. Some of the applications are as AC voltage 
dividers, filters, decouplers, phase shifters, and coupling networks. Each of these 
applications is discussed in the text. 


Capacitive Voltage Dividers 


A capacitive voltage divider is a series capacitive circuit whose output is a frac- 
tion of its input. Figure 3-41 shows a simple capacitive voltage divider which 
consists of two capacitors, C,, and C, in series. The input voltage is connected 
across both capacitors, but the output voltage is taken only across capacitor C}. 


Fikes 
Ec* XC+XCo 


Figure 3-41 
A capacitive voltage divider. 


The current flowing in the series circuit produces a voltage drop across each 
capacitive reactance. The sum of the capacitive voltage drops equals the input 
voltage. This shown in the expression: 


E; = Ec; + Ee 
In this application, the output voltage is equal to the voltage across capacitor C. 
Eo = Ec2 
The amount of voltage developed across each capacitor depends upon the cur- 


rent in the circuit and the capacitive reactance. According to Ohm’s Law, the 
output voltage is: 


Eo = Eq or I x Xæ 
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The voltage drops across the capacitors in the circuit are in proportion to their 
capacitive reactances. The greater the capacitive reactance, the greater the volt- 
age drop across that capacitor. Keep in mind that the reactance is a function of the 
size of the capacitor and the frequency of the applied voltage. Capacitive reac- 
tance is inversely proportional to both frequency and capacitance. 


The output voltage is expressed in terms of the input voltage and the capacitive 
reactances, like this: 


Z Xo 
Eo = Xa+ Xa (Œ;) 


As you can see from this expression, the output voltage equals the input voltage 
multiplied by the ratio of the reactance of C, to the sum of the individual reac- 
tances. This ratio is referred to as the voltage divider ratio. It is the same ratio that 
you use to calculate voltage division in series resistive circuits. The only differ- 
ence is that capacitive reactance replaces resistance in the equation. 


You can also express the output voltage in terms of the capacitor values rather 
than the reactances. The formula below gives this relationship. Note that the out- 
put voltage is directly proportional to the voltage division ratio which is the ratio 
of C, to the sum of C, and C,. 


- _& 
Eo = Ci +C, Œ) 


An interesting characteristic of a capacitive voltage divider is that the voltage 
division ratio is not affected by frequency. Even though the frequency causes the 
reactances to change, the reactances change together and the voltage division 
ratio remains constant. This is because as capacitive reactance changes as fre- 
quency changes, the circuit changes so that the product (IXc) remains the same. 


Another interesting characteristic of a purely capacitive voltage divider is that no 
phase shift occurs between the input and the output. The current in this circuit 
leads the applied voltage, but the voltage across the output capacitor is in phase 
with the input voltage. Changing the frequency has no effect on this characteris- 
tic. 


You can often find capacitive voltage dividers in high frequency amplifier cir- 
cuits. Certain types of oscillators use capacitive voltage dividers. To make the 
output voltage from a capacitive voltage divider variable, make either C,, or C, a 
variable capacitor. You can adjust the output voltage by changing the ratio of 
capacitance. 


RC Filters 


A filter is a frequency-discriminating circuit. Filters greatly attenuate some fre- 
quencies while they allow others to pass with virtually no opposition. Filters are 
frequency selective because they pass some frequencies and attempt to block 
other frequencies. 


Two of the most common types of filters in electronic circuits are the low-pass 
filter and the hi-pass filter. A low-pass filter allows low frequency signals to pass 
from the input to the output with little or no opposition (attenuation). In low-pass 
filter circuits, high frequencies are greatly attenuated by shunting them to ground. 
A frequency known as the cut-off frequency, Foo is the general dividing line 
between those frequencies that are passed and those that are attenuated. 


Ahigh-pass filter is the opposite of a low pass filter. The high-pass filter permits 
frequencies above the cut-off frequency to pass. Frequencies below the cut-off 
point are greatly attenuated. 


You can use simple RC networks as low and high-pass filters. Such circuits are 
able to perform a frequency selective function because their reactance changes 
with frequency. 


LOW-PASS FILTER 


The simplest form of a low-pass filter is shown in Figure 3-42A. It consists of a 
resistor and capacitor connected in series across an input voltage. The output 
voltage is taken across the capacitor. Assume that the input voltage has a fixed 
rms value, but that its frequency can be varied. 


® rE 


Figure 3-42 
RC low-pass filter. 
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The best way to understand the operation of the low-pass filter is to look at the 
circuit as a voltage divider. The input voltage is applied across the resistor and 
capacitor in series, and the output voltage is taken across the capacitor. The volt- 
age division ratio depends upon the sizes of the resistance and the capacitive 
reactance. The value of the resistance remains constant, of course, but the value 
of the capacitive reactance changes as the input frequency changes. 


At very low input frequencies, the capacitive reactance is very high. If the reac- 
tance is high compared to the resistance, most of the input voltage is dropped 
across the capacitor. As the input frequency increases, the capacitive reactance 
decreases. This means that less voltage is dropped across the capacitor and more 
across the resistor as the frequency increases. 


For this reason, the output voltage begins to drop off as frequency increases. At 
very high frequencies, capacitive reactance is very low. When capacitive reac- 
tance is significantly lower than the resistor’s value, very little voltage will ap- 
pear at the output terminals (across the capacitor). 


| 
l 

essa —+~— INPUT VOLTAGE LEVEL 
l 






1 
Eo fco = S 25AG 


l 
fco 


0 (DC) FREQUENCY (f) 


Figure 3-43 
Frequency response of an 
RC low-pass filter. 


The frequency response curve shown in Figure 3-43 illustrates this effect. This 
curve shows the amount of output voltage with respect to frequency. On the left- 
hand side of the curve, at very low frequencies, the output voltage is nearly equal 
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to the input voltage. In fact, with a frequency of 0 Hz or DC, the capacitor offers 
maximum opposition, and the output voltage equals the input voltage. As the 
frequency increases, the capacitive reactance begins to decrease. The output volt- 
age then begins to drop off. After the cut-off frequency is reached, the output 
voltage drops off at a constant rate. At the cut-off frequency, the output voltage is 
approximately 70.7% of the input voltage or Ep = .707 E;. The cut-off frequency 
is a function of the resistor and the capacitor values and is expressed by the 
equation: 


Beals ty Ad 
co = 2ARC ~ 6.28 RC 


where R is in ohms and C is in farads. 


To simplify the formula, solve for 1/6.28 and express C in microfarads: 


f= 159200 


RC 


For example, the cut-off frequency of a circuit with a 10 k ohm resistor and .01 
microfarad capacitor is: 


R= 10k ohm = 10,000 
C=.01 pF 


_ 159200 _ 
foo = 70600 (01) = 1922 Hz 


An important thing to note about an RC low-pass filter is that while the circuit is 
frequency selective, the selectivity is very gradual. The output is not sharply 
defined at the cut-off frequency. Higher frequencies are only attenuated, not cut 
out completely. In other words, the low-pass filter does pass frequencies higher 
than the cut-off frequency, but they are more greatly attenuated than those fre- 
quencies below the cut off point. Despite this imperfection in RC low-pass fil- 
ters, these circuits are still very useful. The cut-off point is defined as those fre- 
quencies that cause less than the effective voltage to be developed (coupled) to 
the output. 
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HIGH-PASS FILTER 


A simple RC high-pass filter is shown in Figure 3-44A. Like the low-pass filter, 
it consists of a resistor and a capacitor connected in series to the input voltage. In 
the high-pass filter, however, the output voltage is taken across the resistor. In 
Figure 3-33B, the circuit is drawn as a voltage divider. 


.® 


Figure 3-44 
RC high-pass filter. 


At very high input frequencies, the capacitive reactance is very low. When it is 

low compared to the resistance, little voltage is dropped across it. At high fre- 
quencies, most of the input voltage is dropped across the resistor. As frequency a 
decreases, capacitive reactance increases. More and more voltage is dropped across . 
the capacitance reactance and less across the resistor. When frequency decreases, 

the output voltage also decreases. The decrease is gradual at first, but at the cut- 

off frequency, the attenuation becomes more pronounced and the output voltage 

drops at a constant rate as the frequency decreases. 


Figure 3-45 shows the frequency response curve of an RC high-pass filter. Note 
that at high frequencies the output voltage is nearly equal to the input voltage. As 
the frequency decreases, the output voltage begins to decrease. At the cut-off 
frequency, the output voltage is approximately 70. 7% of the input voltage. Be- 
low the cut-off frequency, attenuation increases and the output voltage drops ac- 
cordingly. 
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Figure 3-45 
Frequency response of an 
RC high-pass filter. 





As in the low-pass filter, the cut-off frequency is a function of the resistor and 
capacitor values. The same expression you use to compute the cut-off frequency 
of a low-pass filter applies to the high-pass filter. 


Pez 159200 
co RC 
Where: 
R is in ohms 
C is in F 


Fco is in Hz 


Circuits Combining AC and DC 


Many electronic circuits operate with a combination of both AC and DC volt- 
ages. To these circuits, the applied voltage appears to be a DC voltage, such as a 
battery, connected in series with an AC generator. The result is a DC level (refer- 
ence) on which an AC signal is superimposed. In this case, you can say that the 
AC rides on the DC. The zero line of the sine wave signal coincides with the DC 
voltage level. RC networks are commonly used with such AC/DC source volt- 
ages. 


DECOUPLING NETWORK 


Figure 3-46A shows one application of an RC circuit with an AC/DC source. The 
RC circuit is connected as a low-pass filter. The capacitor charges to the value of 
the DC voltage as indicated by the polarity shown. The sine wave voltage causes 
the charge on the capacitor to vary above and below the DC value by an amount 
equal to the peak value of the AC. Figure 3-46B shows the voltage across the 
capacitor. The combination voltage is often called pulsating DC. The composite 
voltage is still DC because it never goes negative. In this example, you can as- 
sume the frequency of the AC voltage to be lower than the cut-off frequency of 
the RC low-pass network. When the frequency of the AC input is higher than the 
cut-off frequency of the RC network, the output amplitude is greatly attenuated. 


® 





Figure 3-46 
An RC decoupling network (A) 
and the output waveform (B). 
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One of the more common applications for the low-pass RC network shown in 
Figure 3-46A is decoupling. Decoupling refers to the process of allowing a de- 
sired DC voltage to appear between given points, while at the same time elimi- 
nating or minimizing the AC at that point. In many electronic circuits, the DC 
voltage operates the equipment. AC signals in the form of oscillations, noise, and 
transient spikes sometimes appear as though they are connected in series with the 
DC supply voltage. An RC low-pass filter eliminates this unwanted AC. If you 
make the cut-off frequency of the RC network low enough, most or all of the 
undesired AC signals are filtered out, which leaves only the desired DC to de- 
velop across the capacitor. 


COUPLING NETWORK 


Another application of an RC circuit with AC/DC is shown in Figure 3-47. The 
source voltage is a combination of both AC and DC signals. This source is ap- 
plied across a series RC network. However, in this application, the output is taken 
across the resistor. In other words, the RC network is used as a high-pass filter. 
The capacitor charges to the applied DC voltage. Once it charges, no further DC 
current flows in the circuit. Therefore, no DC appears across the output resis- 
tance. Instead, only the AC voltage appears as an output. 





Figure 3-47 
An RC coupling network. 


The sine wave source causes the capacitor to charge and discharge at the AC rate. 
This creates current flow in the resistor, which appears at the output in the form 
of an AC voltage. In this application, only the AC signal appears at the output. 
The cut-off frequency of the RC network is adjusted so that it is low enough to 
permit the AC input to pass without noticeable attenuation. 


This circuit is known as a coupling network. It is widely used to couple AC 
signals from one point to another while it blocks DC voltages. The capacitor 
prevents DC currents from flowing to the output. You must take care when you 
select the resistor and capacitor values. Due to the high-pass filter effect, you 
should choose their values so that the cut-off frequency permits passage of the 
desired AC signal with little or no attenuation. 
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For a circuit to be an effective coupling circuit, the RC time constant should be a 
minimum of 10 times the period of the waveform being coupled. Under this 
condition, the capacitor does not charge and discharge at the rate that the AC 
signal varies. Instead it charges and couples the AC signal with a minimum of 
distortion. The longer the RC time constant, the closer the reproduction of the 
input AC signal in the output. 


Phase Shift Networks 


You can also use RC networks for phase shifting. This is where the phase of an 
output sine wave signal from a circuit changed with respect to its input sine wave. 


Phase shifting may be used for a number of reasons. Sometimes it is used to 
correct an unwanted phase shift that has been introduced by another component. 
In other applications, the phase shifting so you can compare succeeding signals 
can be compared for magnitude and frequency. No matter what the application, 
since a capacitor causes the current in the circuit to lead the applied voltage, you 
can use RC networks to shift the phase of a signal. 


; Figure 3-48 shows the two most commonly used phase-shifting configurations. 
a In Figure 3-48A, the input signal is applied across the RC combination and the 
l output is taken across the resistor. The current in the circuit leads the applied 
voltage by some phase angle between 0° and 90° degrees, depending upon resis- 

tor and capacitor values and the frequency of the applied signal. 


- ® 


INPUT R OUTPUT INPUT i OUTPUT 


Figure 3-48 
Basic RC phase shift networks (A) 
leading output, (B) lagging output. 


The voltage across the resistor is in phase with the current that causes it. Because 
the current leads the applied voltage in the circuit, the voltage developed across 
the resistor, by the leading current, also leads the applied voltage. Therefore, the 
output voltage leads the input voltage. This relationship between input and out- 
put voltage is shown in Figure 3-49A on the next page. 
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OUTPUT INPUT 


® 
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Figure 3-49 
Phase shift in a series RC circuit (A) 
leading output, (B) lagging output. 


In the phase shift circuit shown in Figure 3-48B, the output voltage is taken across 
the capacitor. Again, current leads the applied voltage in the circuit. In this case, 
however, because the output is taken across the capacitor, the phase shift is dif- 
ferent. Now, the voltage at the output lags the input voltage by some phase angle 
between 0° and 90°. This is shown in Figure 3-49B. 


Note that in both circuits shown in Figure 3-48 the comparison is made between 
the input and output voltages. Circuit A produces a voltage lead and circuit B 
produces a voltage lag. However, in both circuits, because they are capacitive in 
nature, the current through the circuit leads the applied voltage. 


These elementary RC networks are used when only small amounts of phase shift 
are required. When a phase shift of greater than 60° is needed, other phase shift- 
ing techniques are usually used. The reason for this is that phase shifting net- 
works also act as voltage dividers. As the phase shift across these networks ap- 
proaches 90°, the capacitor drops a progressively larger percentage of the applied 
voltage. In addition, the impedance of the circuit itself becomes a problem. 


One way to obtain a greater phase shift is to cascade the simple RC network 
shown in Figure 3-48, so that the output of one network is connected to the input 
of another network. This creates a total phase shift that is equal to the sum of the 
individual phase shifts. For example, if three 45° phase shift networks are cas- 
caded as shown in Figure 3-50, the total phase shift is 3 x 45° or 135°. In this 
case, the output voltage leads the input voltage by 135°. 


captive cits | 3-97 


Figure 3-50 
Cascade RC phase shift networks. 


To achieve a lagging phase shift greater than is obtainable with a single RC net- 
work, you can use the circuit of Figure 3-50B. Here, two networks are cascaded. 
For example, if each network provided a phase shift of 45°, the output will lag 
the input by a total of 90°. 


While cascaded RC networks can provide any degree of phase shift that you 
desire, keep in mind that each RC section acts as a voltage divider. This means 
that the output voltage is much lower than the input voltage. Where such net- 
works are used, amplifiers are generally required to offset the attenuation and 
bring the output voltage back to a usable level. 


Finally, it is important to note that the phase shift produced by an RC network is 
a function of the resistor and capacitor values. This phase shift is valid for only a 
single frequency. If an RC network is designed to produce a desired phase shift 
for one frequency, the amount of phase shift produced by that network at another 
frequency is different. The reason for this is simple. If the frequency changes, the 
capacitive reactance also changes, and changing the reactance changes the phase 
angle. 


3-98 | UNIT THREE ee Oe 


Programmed Review 


102. A capacitive voltage divider uses two or more capacitors in series to 
generate an output that is some fraction of the input voltage. This 
means that the output is always than the input. 


103. (less) The output is always some fraction of the input. This fraction is 
called the 


104. (voltage division ratio) To obtain the output voltage, you multiply the 
by this ratio. 


105. (input voltage) The ratio is a function of the capacitor values. In a 
two-capacitor divider where the output is taken from C,, the ratio is 


106. (=—— ) IfC, =.001 pF and C, = .004 uF, the ratio is 


C 
C +C, 
107. (.2) If the input voltage is 7 volts, the output will be 


108. (1.4) A series RC circuit that passes low frequencies but attenuates 
high frequencies is called a - 


109. Qow-pass filter) In a low-pass filter, the input signal is applied across 
the resistor and capacitor and the output is taken from across the 


110. (capacitor) As the input frequency increases, X, 
the output voltage ; 


111. (decreases, decreases) The frequency below which all signals pass 
with little or no attenuation is called the frequency. 
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112. (cut-off) The cut-off frequency (foo) is a function of the 
and values. 


113. (resistor, capacitor) The formula for the cut-off frequency is 


114. (fco = gaene | PRES) 


If R = 15 k ohms and C = .05 uF, foo = 


115. (212) Frequencies foo in a low pass filter will be 
above/below 
greatly attenuated in a low-pass filter. 


116. (above) A high-pass filter is an RC circuit where the output voltage is 
taken from across the 


117. (resistor) A high-pass filter greatly attenuates frequencies 
the cut-off frequency. above/below 


118. (below) It passes frequencies above foo with little or no attenuation. 
You can compute the cut-off frequency with the formula 


119. (feo = 


zalej 
6.28 RC 


The cut-off frequency formula is the same for both low- and high- 
pass filters. If the input voltage to a high-pass filter is DC combined 
with AC, the output voltage will be only. 


120. (AC) The capacitor blocks the DC input and passes the AC, if the 
frequency of the AC signal is higher than the cut-off frequency. When 
a high-pass filter is used this way, it is called a circuit. 


121. (coupling) The AC signal is coupled or passed by the circuit but any 
DC is blocked. When the input to a low-pass filter is DC and AC, the 
DC appear at the output. 
does/does not 
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122. (does) The output is taken from across the capacitor which charges to 
the DC input, so the DC does appear at the output. The AC also appears 
at the output if its frequency is cut-off frequency. 

above/below 

























123. (below) But if the cut-off frequency is made very low, this circuit will 
attenuate most AC signals. It passes DC but eliminates AC. When used 
this way the low-pass filter is called a circuit. 


124. (decoupling) When an RC circuit is used to introduce phase shift into a 
circuit it is called a 


125. (phase shifter) A single RC phase shifter can generate phase shifts be- 
tween and degrees. 





126. (0, 90) The output drops considerably as the phase shift approaches 
90°. Phase shifters can be set up so that the output voltage occurs later 
in time than the input. This is referred to as a phase shifter. 





127. (lagging) If the output occurs earlier than the input, it is called a 
phase shift. 





128. (leading) An RC network can produce either leading or lagging outputs 
depending upon whether the output is taken from across the resistor or 
the capacitor. If the output is taken from across the resistor, the output 
will the input. 


129. (lead) Taking the output from across the capacitor produces 
phase shift. 


130. (lagging) To achieve phase shifts greater than 90°, RC networks can be 





131. (cascaded) When you connect one RC network to another, the phase 
shifts are additive. If each RC network in a three section phase shifter 
generates 55° of shift, the total shift is degrees. 


132. (165 3x55° = 165°) 
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EXPERIMENT 5 


Capacitor Applications 


OBJECTIVES: To examine the properties of a capacitive voltage divider. 
To identify high-pass and low-pass RC filters. 
To verify the characteristics of RC filters. 


To compare the computed output voltage and cut-off frequency 
of an RC filter to the measured values. 


Materials Required 


Heathkit Analog Trainer 

Oscilloscope 

AC Voltmeter 

1 — .001 pF capacitor 

1 — .039 uF capacitor 

1 — .1 uF capacitor 

1 — .47 pF capacitor 

1 — 4.7 kQ, 1/2-watt resistor (yellow-violet-red) 

1 — 47 kQ, 1/2-watt resistor (yellow-violet-orange) 


Procedure 


1. Construct the experimental circuit shown in Figure 3-51. Connect the ca- 
pacitors together on the main breadboarding area, then use hook-up wire to 
connect them to the 15 VAC 60 Hz line source and ground. You can use the 
oscilloscope or AC voltmeter to measure voltage in the following steps. 


2. Use your AC voltmeter to measure the input voltage. The output of the line 
source on your Trainer is specified as 15-volts rms. However, you need to 
know the exact value in order to make the proper calculations in this experi- 
ment. The value of the output voltage depends upon the AC power line 
voltage in your area. Connect your voltmeter leads to the capacitors at the 
line source terminals to measure this voltage. Record your voltage in the 
space below: 


Ę = volts 
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3. Use the values in Figure 3-51 to compute the voltage division ratio. Record 
this value in the space below: 


Voltage division ratio = 


| Cy =.1 pF 
Ej = 15VAC 
60HZ 
Co = .47 uF 


Eo 


Figure 3-51 
Experimental circuit: capacitive voltage divider. 


4. Use the value of input voltage you obtained in step 2 to compute the output 
voltage you expect with the voltage division ratio computed in step 3 above. 
Record your expected output voltage in the space below: 


Eo = volts. 


5. Use your AC voltmeter to measure the voltage across C,. This is the output 
voltage of the voltage divider. Record your measurement below: 


Eo = volts. 


How do your computed and actual measured values of output voltage com- 
pare? Explain any discrepancies. 








Discussion 


The output of the capacitive voltage divider in Figure 3-51 is some fraction of the 
input voltage. This fraction is referred to as the voltage division ratio and is a 
function of the sizes of the capacitors in the circuit. The voltage division ratio for 
this circuit is: 


er 
C +C, 
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When you use the capacitor values in Figure 3-43, the voltage division ratio is: 


Oil ole A 
eaa jaa 7 


To obtain the output voltage, multiply the voltage division ratio by the input 
voltage. Your input voltage should have measured approximately 15 volts rms or 
slightly more. When you multiply this input voltage by the voltage division ratio, 
you should have obtained the output voltage. A typical value of input voltage is 
16 volts rms. With the voltage division ratio you computed above, the output 
voltage should be approximately 16 x .175 = 2.8 volts or very close to 3 volts. 
The value you measured in step 5 should correspond closely to this value. Com- 
ponent tolerance and measurement errors can cause some discrepancies, but your 
measured and computed values should be fairly close. 


Procedure (continued) 


6. Disconnect the voltage divider circuit. Then construct the experimental cir- 
cuit shown in Figure 3-52. Connect the resistor and capacitor on the circuit 
breadboard. Use hook-up wire to connect the circuit to the output of the 
signal generator. Set the generator range switch to the LOW position and 
adjust the frequency dial to the 200 Hz position. 


This circuit is an RC filter. Study the circuit and determine which type it is. 


The circuit is a pass filter. 
R=4.7kO 
SINE | | 
GENERATOR | C=.1pF Eo 
Figure 3-52 


Experimental filter circuit, step 6. 


7. Use the values of resistance and capacitance shown in Figure 3-52 to com- 
pute the cut-off frequency. Record your frequency below: 


Fco = Hz. 
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10. 


11. 


Turn on your Trainer. Use your AC voltmeter to measure the output voltage 
of the signal generator. Be sure you connect the ground lead of your voltme- 
ter to the GND output terminal. Measure the voltage that is applied to the 
circuit where the 4.7 k ohm resistor connects to the SINE output. Record 
this voltage below: 


E,= volts. 

Determine the output voltage of the circuit at the cut-off frequency. To make 
this computation, use the input voltage you used in the previous step. Record 
the voltage at the cut-off frequency below: 


Ey (foo) = volts. 


Connect your AC voltmeter across the .1 uF capacitor. Rotate the frequency 
dial on the generator in the clockwise direction until the voltmeter indicates 
the voltage you computed for the cut-off frequency. When you reach this 
voltage, stop turning the knob and note the approximate frequency from the 
dial. The generator frequency dial is only roughly calibrated, but you can 
estimate the frequency within several hundred Hertz. Record your estimate 
below: 


foo = Hz. 
While you monitor the output voltage across the capacitor, continue to ro- 
tate the frequency dial in the clockwise direction. Note how the output volt- 


age varies. Then complete the statement below: 


As you increase the frequency, the output voltage 


Discussion 


The circuit you constructed in step 6 is a low-pass filter. You can use the follow- 
ing expression to determine the cut-off frequency, which is a function of the 
resistor and capacitor values: 


FẸ. = 159200 
co ~ RC 


When you use the values in Figure 3-52 to compute the cut-off frequency of this 
circuit, you found it to be: 


_ 159200 _ 
Foo = 7900 (1) = 338-7 Hz 


In step 7, you measured the input voltage to the circuit at approximately 200 Hz. 
Since this frequency is less than the calculated cut-off frequency, the attenuation 
of the circuit should be minimal. You then used this value to compute the output 
voltage at the cut-off frequency. As you recall, the output voltage is approxi- 
mately 70% of the input voltage at some frequency below the cut-off point. The 
actual output voltage at the cut-off frequency is .707 times the input voltage at 
that lower frequency. If the input voltage to your circuit at the low input fre- 
quency is 5 volts, the output at the cut-off frequency will be .707 x 5 = 3.535 
volts. 


Next you adjusted the frequency of the generator to produce the desired output 
voltage. You did this by increasing the output frequency of the generator. When 
the measured output voltage equaled the calculated value of the output voltage, 
the generator produced a signal at the cut-off frequency. When you read the dial, 
you should have been able to estimate the value of the cut-off frequency. This 
estimated value should have approximated your computed value. 


Procedure (continued) 


12. Disconnect the low-pass filter circuit. In its place, construct the circuit shown 
in Figure 3-53. As before, construct the resistor and capacitor on the bread- 
boarding socket and connect it to the outputs of the generator. Study the 
circuit in Figure 3-53, and answer the statement below: 


The RC network shown in Figure 3-53 is a pass filter. 
C = .001 pF 
SINE Z 
GENERATOR MarK 50 
Figure 3-53 


Experimental filter circuit, step 12. 


13. Use the component values in Figure 3-53 to compute the cut-off frequency 
of the circuit. Record your value below: 


Foo = Hz. 
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14. 


15. 


16. 


17. 


Turn on your Trainer. Be sure that the generator range switch is in the LOW 
position. Turn the frequency dial to the 200 Hz position. Connect your AC 
voltmeter across the 47 KQ resistor. You will measure the output voltage of 
the circuit as you vary the frequency. At this time, the output voltage from 
the circuit will be relatively low. 


Next, begin to rotate the frequency dial in the clockwise direction. Note the 
variation in output voltage. When you reach the 2 kHz position of the dial 
and make your observation, return the dial to the 200 Hz position. Then set 
the range switch on the generator to the HIGH position. Again note the 
output voltage on your AC voltmeter. Then rotate the dial in the clockwise 
direction to increase the frequency of the generator. After you complete this 
operation, complete the statement below: 


As the input frequency to the RC circuit is increased, the amplitude of the 
output voltage 


With the range switch on the generator in the HIGH position, rotate the 
frequency dial to the 20 kHz position. Use your AC voltmeter to measure 
the input voltage to the circuit. In other words, measure the voltage coming 
directly out of the generator circuit between the SINE and GND terminals. 
Record that input voltage in the space below: 


Ẹ = volts. 
Use the voltage you measured in the previous step as a reference to com- 
pute the output voltage of this filter circuit at the cut-off frequency. Record 
this value of voltage in the space below: 


Eo (fco) = volts. 


Connect your AC voltmeter to the output of the circuit (across the 47 KQ 
resistor). Rotate the frequency dial in the counterclockwise direction until 
the voltmeter indicates the voltage you computed for the cut-off frequency. 
When you reach this voltage, note the dial setting. The dial gives you only 
an approximation of the cut-off frequency. Estimate as closely as possible 
and record your estimate below: 


fco = Hz. 
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Discussion 


The filter circuit that you constructed for these steps is a high-pass filter. You 
applied an AC signal from the generator in your trainer and monitored the output 
voltage. The initial frequency applied was very low, about 200 Hz. This fre- 
quency is well below the cut-off point, so the output voltage of the filter at this 
time is very low. As you increased the frequency, you should have noted an in- 
crease in the output voltage. As you varied the frequency dial from the 200 Hz to 
the 2 kHz position with the range switch set to LOW, you should have noted only 
a slight increase in the output voltage. 


When you set the range switch to the HIGH position and continued to increase 
the frequency, you should have noted a marked increase in the output voltage. 
The output voltage should have begun to rise significantly. This indicated that 
you passed the cut-off frequency, which allowed most of the input voltage to 
reach the output. As you increased the frequency, the capacitive reactance de- 
creased. This means that less voltage was dropped across the capacitor and more 
voltage appeared across the output resistor. This clearly indicates that the circuit 
passes high frequency signals and rejects low frequency signals. 


However, when you adjusted the frequency control to the highest frequencies, 
a you may have noticed that the voltage drop across the component decreased. 
This happens because the voltage output of the Trainer tends to decrease at the 
high end of either frequency range. If, however, you measure the voltages across 
the individual components in the circuit, you will find that the ratio of the voltage 

drops are consistent with the theoretical result of the experiment. 


With the values in Figure 3-53, your calculated cut-off frequency is approxi- 
mately 3387.2 Hz. The calculation is shown below. 


159200 _ 
Foo = 47000 (.001) = 2287-2 Hz 


Frequencies below this cut-off point are greatly attenuated, while frequencies 
above this point are passed with little or no opposition. 


In step 16 you computed the output voltage for the cut-off frequency. This volt- 
age could vary over a wide range, depending upon the specific output voltage of 
the generator in your Trainer. The output voltage at the cut-off frequency is .707 
multiplied by the input voltage that you measured. You then adjusted the genera- 
tor output frequency for this value of voltage. At that time, the frequency applied 
to the filter is the cut-off value. When you read that frequency from the dial, you 
should have found it to be close to the value calculated above. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understand- 
ing of the material presented in this unit. Place a check beside the multiple choice 
answer (A, B, C, or D) that you feel is most correct. After you complete the 
examination, compare your answers with the correct ones that appear after the 
exam. 


1. The unit of measurement for capacitance is the: 


A. ohm. 

B. farad. 

C. coulomb. 
D. henry. 


2. Which of the following factors does not affect the value of a capacitor? 


A. plate area 

B. plate spacing 

C. plate thickness 

D. dielectric constant 


3. The value of a .01 uF capacitor expressed in farads is: 


A. .01x10Ć. 

B. .01x 10°. 

C. .01x 10", 

D. .01x 10". 

4. A100 pF capacitor expressed in microfarads is: 


A. .1pF. 
B. .01 pF. 
C. .001 pF. 
D. .0001 pF. 


5. The following three capacitors are connected in parallel. C, = 470 pF, C, = 
750 pF, C, = .00033 uF. The total capacitance is: 


A. 1220.00033 pF. 
B. 1253 pF. 
C. 1550 pF. 
D. 4520 pF. 
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6. A.022 uF capacitor is connected in series with a .0047 uF capacitor. The 
total capacitance is: 


A. 3873 pF. 
B. 387.3 pF. 
C. .0267 uF. 
D. .03872 uF. 


7. The total opposition to current flow in a purely capacitive AC circuit is 
called: 


A. resistance. 
B. reactance. 
C. impedance. 


8. Ifthe frequency of AC applied to a capacitor decreases, the capacitive reac- 
tance: 


A. increases. 
B. decreases. 
C. does not change. 


9. Increasing the capacitance for a given frequency causes the reactance to: 


A. increase. 
B. decrease. 
C. remain the same. 


10. Decreasing the applied voltage in a capacitive AC circuit causes the reac- 
tance to: 


A. increase. 
B. decrease. 


C. remain the same. 


11. What is the reactance of a .05 uF capacitor at 400 Hz? 


A. 7960 ohms 

B. 15920 ohms 
C. 31840 ohms 
D. 63680 ohms 
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12. What value of capacitor has a reactance of 15 k ohms at 60 Hz? 


A. .00177 uF 
B. .0177pF 
C. .177 pF 
D. 1.77 pF 


13. The total opposition to current flow in an RC circuit is: 


A. resistance. 
B. reactance. 
C. impedance. 


14. What is the impedance of a series RC circuit whose resistance is 90 ohms 
and reactance is 120 ohms? 


A. 14.5 ohms 
B. 150 ohms 
C. 210 ohms 


D. 22500 ohms 


15. The impedance of an RC circuit is 300 ohms. What is the current if 12 volts 
is applied? 


A. 25 milliamperes 
B. 36 milliamperes 
C. 40 milliamperes 
D. .4 amperes 


16. What is the approximate phase shift in a series RC circuit with R = 1000 
ohms and X, = 810 ohms? 


A. 36° 
B. 39° 
C. 51° 
D. 54° 


17. In a capacitive circuit, the applied voltage: 


A. isin phase with the current. 
B. leads the current. 
C. lags the current. 
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R=1200 C=.5 pF 


A 


16 VOLTS 
120 HZ 


Figure 3-54 
Circuit for exam questions. 


18. Refer to the circuit in Figure 3-54. The impedance of this circuit is: 


A. 1906 ohms. 
B. 2653 ohms. 
C. 2912 ohms. 
D. 3853 ohms. 


19. The true power dissipated in the circuit of Figure 3-54 is: 


A. 36 milliwatts. 

B. 66 milliwatts. “~ 
C. 96 milliwatts. 

D. 213 milliwatts. 


20. The approximate phase shift in the circuit of Figure 3-54 is: 


A. 24°. 
B. 34°. 
C. 66°. 
D. 76°. 


21. The approximate cut-off frequency of the circuit in Figure 3-54 is: 


A. 65 Hz. 

B. 104 Hz. 
C. 133 Hz. 
D. 265 Hz. 


22. The RC circuit that attenuates all frequencies above the cut-off frequency is 


called a: 

A. low-pass filter. tn 
B. high-pass filter. B 
C. voltage divider. 

D. phase shifter. 
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23. The input voltage to a high-pass filter is 10 volts at 10 kHz. The cut-off 
frequency is 4 kHz. What is the approximate output voltage at the cut-off 


frequency? 
A. 2.5 volts 
B. 4 volts 
C. 7 volts 
D. 10 volts 


24. An RC circuit has a resistance of 2 kQ and a capacitance of .01592 uF. The 
frequency is 5 kHz. What is phase angle? 


A. 32° 
B. 45° 
C. 56° 
D. 81° 


25. In the circuit described in question 24, what is foo? 


A. 1kHz 
B. 2kHz 
C. 3 kHz 
D. 5kHz 
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EXAMINATION ANSWERS 
1. B — farad. 
2. C — plate thickness 
3. A—.01x10%. .01 pF =.01 x .000001 or .01 x 10% farads 
4. D— .0001uF. 100 pF = 100 x 10% = 0001F 
5. C — 1550pF. .00033 uF=330pF 470 +750 + 330 = 1550 pF 
6. A — 3873 pF. 
_ -022 (.0047) _ .0001034 _ 

C= 0224.0047 0267 ` .003873 uF or 3873 pF 
7. B — reactance. 
8. A — increases. 
9. B — decrease. 


10. C — remain the same. Changing the applied voltage in capacitive circuits 
does not affect the reactance. The reactance is a function of the fre- 
quency and capacitance only. 

11. A — 7960 ohms 


_ 159200 _ 159200 _ 
Ke = 1) = 76 (03) = 7960 ohms 


12. C —.177 pF 


_ 159200 159200 _ 
Co Cex. 7 60 S000) 





13. C — impedance 
14. B — 150 ohms 


Z=/R°+X2 =V90" + 1207 =v8100 + 14400 = 
¥22500 = 150 ohms 
15. C — 40 milliamperes 


12 


I=5= 300 = .04 amperes = 40 milliamperes 


Nit 


16. B — 39° 


tan @= C= 810 = 81 


~ R ~ 1000 
17. C — lags the current. The applied voltage lags the current in a capacitive 
circuit which is another way of saying that the current leads the volt- 
age. 
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18. C — 2912 ohms 
— 159200 _ 159200 _ 
O = 756 (5) = 2653.3 ohms 
Z=/R?+X2 =V1200 + 2653.3? = 
1440000 + 7039971 = /V8479971 = 2912 ohms 





19. A — 36 milliwatts. The true power is that power dissipated in the resistor. 


16 


I=S= 5912 = .0055 amperes 


Nit 


P = P R = (.0055)? 1200 = .036 watts 
.036 watts = 36 milliwatts 


o — Xc _ 2653.3 _ 
20. C — 66 tan =R 00 722 


Therefore 0 = 65.7° or about 66° 
21. D — 265 Hz 


= 159200 _ 
fco = 1200 (5) ~ 200 
22. A — low-pass filter 
23. C — 7 volts. The output voltage at the cut-off frequency is .707 times the 
input voltage or .707 x 10 = 7.07 volts. 
24. B — 45° 





_159200__ 159200 _ 
Xe= "Fe = 5000 (.01592) = 2000 ohms 


tan 0 = Že = 2000 -1 


~ 2000 
Therefore, 8 = 45° 
25. D — 5 kHz 


_159200___ 159200 _ _ 
fco= RC = 2000 (01592) ~ 000 Hz = 5 kHz 





Note concerning questions 24 and 25: In an RC circuit, X,, = R at the cut-off 
frequency and the phase angle at that time is 45°. 
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APPENDIX A: SOLVING RIGHT TRIANGLES 


This lesson describes a method you can use to solve right triangles. Right tri- 
angles are widely used in electronics to represent electrical quantities and solve 
problems that involve them. This lesson explains right triangles and gives you a 
simple method of dealing with them. 


The material in this lesson is presented to you a step at a time. The information to 
be learned is divided into small pieces called frames. Each frame presents a key 
fact or idea. You are then immediately tested on this fact. You respond by filling 
in a blank to complete a statement. The correct answer is given in parentheses at 
the beginning of the next frame. As you read each frame, keep the frames below 
covered with a piece of paper. Begin now with frame 1. 


Atriangle is a three-sided geometric figure. See Figure Al. The three A 
sides are labeled A, B, and C and form three angles which are called a, 

b, and c. The sum of the angles in any triangle is 180° ora+b+c= 

180°. 


All triangles have sides and angles. 3 
Figure A1 


(three, three) The sum of the three angles is always 
degrees. 


(180) One of the most commonly triangles you will encounter is the 
right triangle. A right triangle contains one 90° angle. Figure A2 shows 
a typical right triangle. C 


A triangle with one 90° angle is called a triangle. 


(right) In Figure A2, the right angle is identified by the letter 


Figure A2 


(c) If the right angle c has 90°, the sum of the other two angles (a + b) 
must be degrees. 


(90) In order for the sum of angles a and b to be 90°, each must be less 
than 90°. Any angle less than 90° is called an acute angle. 


An angle of 57° is an angle. 


RIGHT 
ANGLE 
(90°) 
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(acute) In a right triangle there are (how many) acute 
angles? 
A RIGHT aaa : ; : 
a ANOLE . (two) Angle c in Figure A2 is a right angle, while angles a and b are 
oy acute angles. 
b Ç In Figure A2, angle a = 35°. Angleb=____degrees. 
(55) If c = 90°, a + b must equal 90°. Therefore, b = (90 — a) or 90° — 
35° = 55°. Remember that all triangles have a total of 180° or a + b + 
Figure A3 c = 180°. 


The sides that form the right angle in Figure A2 are 


. (A, B) Sides A and B meet at a right angle. Therefore, side A is perpen- 
dicular to side B. 


In the right triangle of Figure A3, which two sides are perpendicular? 


. (Aand C) Yes, sides A and C form a 90° angle so they are perpendicu- 
lar. Note that the right angle is always identified by the small square in 
the comer that is formed by the perpendicular sides. 





The right angle in Figure A3 is designated by the letter 


. (b) The side of the triangle that is directly opposite the right angle is 
B called the hypotenuse. See Figure A4. The hypotenuse is side C. 


Study Figure A5. Which side is the hypotenuse? 


A . (A) The hypotenuse is always the side opposite the right angle. The 
lengths of the sides of a right triangle are related by a unique relation- 
ship. This relationship is expressed by the formula below: 


Figure A5 C=VA* +B? 


This formula says that the length of the hypotenuse (side C) equals 
the square root of the sum of the squares of the other two sides. 


Sketch a right triangle that illustrates this relationship. Identify all sides 
and angles. Label the hypotenuse. 
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14. (see Figure A6) With this formula, you can calculate the length of the 
hypotenuse if you know the lengths of the other two sides. For ex- 
ample, if side A = 3 inches and side B = 4 inches, what is the length of 
the hypotenuse? The solution is given below: 


=VA?+B? 
3)" + (4) 
/9 +16 


/25 
5 


NOTE: The expression A’ means to square A or multiply A by itself. 
A’ =AXA. IfA=3 then A? =3 x3 =9. The square root of a number 
is another number that when it is multiplied by itself gives the original 
number. It is the opposite of finding the square of a number. For ex- 
ample, the square root of 9 is V9 =3 since 3 x 3 = 9. You can find the 
square root of a number by the longhand process you learned in school. Figure A6 
But the easiest way to find the square root is to use an electronic cal- 

culator with the square root function (VX ). 





What is the length of the hypotenuse of a right triangle with sides of A 
=6and B=9?C= 


. (10.8) The solution to the problem is as given below: 


v117 
= 10.8 


You can use basic algebra to rearrange the basic formula so that you 
can find the length of a side if you know the length of the hypotenuse 
and the length of the other side. The formulas for this are: 


A=VC*-B’ 


B=VC2- A? 


The letter designates the hypotenuse. 
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Figure A7 


Ec 





. (C) The hypotenuse is usually called C, although there are no set rules 


about this. For all of the examples given here, Figure A6 applies. The 
hypotenuse is called C. 


If the hypotenuse is 14 and side A = 6, what is side B? B = 


. (12 .65) See the solution below: 


B=/C?~ A? 


B= (14) - (6) 

B =V196 — 36 

B =¥V160 

B = 12.65 
Right triangles are often used to solve electronic problems. They are 
particularly useful when you need to solve problems in circuits that 
contain inductance or capacitance. Inductors or capacitors introduce a 
90° phase shift into the circuit. This 90° shift is represented by the 
right angle. The lengths of the sides of a right angle can represent the 


voltages in a simple series RC circuit. 


In Figure A7, which voltage is represented by the hypotenuse? 


. Œ, applied voltage) Instead of using A, B and C for the sides, you use 


Ep, Ec and E. 


Write the formula for finding the applied voltage if you know the re- 
sistor and capacitor voltages. 


. (E =y ŒR + Œ} ) The formula for the applied voltage is the same 


as the formula for finding the hypotenuse. You can also use the length 
of the side of a right triangle to show the relationship between the 
resistance, capacitive reactance, and the impedance of a series RC cir- 
cuit. In this circuit, the lengths of the sides are expressed in 
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20. (ohms) Remember that the unit of measurement for resistance, reac- 


tance, and impedance is ohms. g 
Figure A8 shows a right triangle that relates these quantities. > xc 
Write the formula for computing the impedance. 

. (Z=\/R’ +X,” ) In this expression, the hypotenuse of the right tri- Figure A8 


angle is 


. (Zor impedance) If the resistance is 40 ohms and the capacitive reac- 
tance is 60 ohms, the impedance is ohms. 


. (72.1) The solution is as shown below: 
Z=/R°+X2 
Z = / (40) + (60) 
Z = v1600 + 3600 
Z= 4/5200 


Z= 71.2 ohms 


What is the formula for finding the reactance if you know the resis- 
tance and impedance? Xç = 


» (Xe=VvV Z’ — R” ) You know the impedance Z (the hypotenuse) and the 
resistance R (one side). To find the reactance Xc (the other side) you 
use the formula. 


As you can see, you can adapt the basic right triangle formula to any 
application that involves the electrical quantities in an RC circuit. Just 
remember that the formulas apply only to right triangles. 
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APPENDIX B: INTRODUCTION TO 
TRIGONOMETRY 


The purpose of this lesson is to give you the basic concepts and skills that will 
permit you to use trigonometry in the solution of electronic circuit problems. 


Read each of the numbered frames below in sequence. Answer the question in 
each frame by filling in the blank before you go on to the next frame. Keep the 
frames below the one you are reading covered with a piece of paper to avoid the 
temptation to look at the answer. Start now with frame 1. 


NOTE: If you have not read Appendix A, please do so before you begin this 
lesson. 


Trigonometry (often shortened to trig) is the study of triangles. It pro- 
vides a system of dealing with triangles on a mathematical basis. More 
specifically, trigonometry gives you methods and procedures to help 
you calculate the lengths of the sides and the angles of a triangle. The 
sizes of the angles and the sides are related in a very unique way. The 
study of triangles is called 


(trigonometry) While trig provides techniques to help you solve any 
type of triangle, the discussion here is limited to trig as it applies to 
right triangles. 


A right triangle is a three-sided geometric figure that has one 
angle. 


(right) A right angle, as you recall, has 
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(90) With trigonometry, you can quickly calculate the sides and angles 
of a right triangle. If you know the length of one side and the size of 
one angle (other than the right angle), you can readily determine the 
sizes of all other sides and angles. 


There are six basic trigonometry functions. These are ratios that ex- 
press the relationship between one of the two acute angles in a right 
triangle and two of the sides. The size of the angle is a direct function 
of the lengths of the related sides. 


In the same way, the lengths of any two sides are a direct function of 
the size of the related 


(angle) Refer to Figure A9. You will use this right triangle to show the 
basic trig functions. Note that one of the acute angles has been se- 
lected for use in expressing the functions. We call this angle O (the 
Greek letter theta), and the sides are labeled with reference to this 
angle. The side directly across from 9 is called the opposite side (O). 
The side next to @ is called the adjacent side (A). 


Of course, the side opposite the right angle is always called the 


OPPOSITE (O) 


ADJACENT (A) 


Figure A9 
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6. 


(hypotenuse) The six basic trig functions of the angle 6 in Figure A9 
are: 


opposite 


migos hypotenuse 


adjacent 


cosine ĝ = hypotenuse 


opposite 


t =— 
meee adjacent 


hypotenuse 


secant § = - 
opposite 


hypotenuse 


cosecant 0 = —= 
adjacent 


adjacent 


cotangent 0 = : 
opposite 


cot @= A 


Of these six, only the first three are widely used. You will learn about 
only these three functions in this lesson. 


Consider the sine function above. This expression tells you that the 
numerical value of sine 6 is the ratio of the side and the 


(opposite, hypotenuse) The ratio of the length of the opposite side to 
the length of the hypotenuse is the numerical value that indicates the 
size of 0. For example, if the opposite is 3 and the hypotenuse is 6, 
then: 


sin@=3=.5 


A value of .5 corresponds to an angle of 30° or: 
sin 30° = .5 


Regardless of the actual lengths of the sides of the triangle, if the ratio 
of the opposite to hypotenuse is .5, the angle is 30°. 


If H = 20 and O = 10, the sine is 
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; _O_10_ 
(.5) sine 0 = = = 50 =.5 


Mathematicians have computed ali of the ratios of the various sides 
and determined the corresponding angles. All of this information has 
been put into a table for convenient reference. See Appendix C. If you 
want to find the sine of 30° you just find 30° in the Degrees column. 
Then you locate the number to the right of 30° in the Sine column. 


What is the sine of 42°? (Use Appendix C.) Sine 42° = 


(.669) This means that the ratio of the opposite side to the hypotenuse 
is .669. 


sin 42° = 2 = 669 


You can also use the tables in Appendix C to find the cosine or tangent 
of an angle. To do this, you first locate the angle in the Degrees col- 
umn. Then you locate the desired numerical ratio in either the Cosine 
or Tangent columns. 


The cosine of 30° is 


. (866) What is the tangent of 9°? Tan 9° = 


. (.158) Trig tables are easy to use. First find the angle in the Degrees 
column. Then find the sine, cosine, or tangent of that angle to the right 
in the appropriate column. 


The tangent is the ratio of the side. 
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QZ 
A= 106 


Figure A10 


. (opposite, adjacent) tan 8 = a 


The angle @ is the angle whose cosine is the ratio of the adjacent side 
to the hypotenuse. 


Refer to Figure A10. The cosine of 8 is 


. (.53) The cosine is the ratio of the adjacent to the hypotenuse or: 


-A_106 _ 
cos 9 = = 509 => 


The angle corresponding to a Cosine of .53 (from Appendix C) is 


. (58°) If O =77 and A= 77, tan 8 = 


What angle does this correspond to? 0 = 


. (45°) In Appendix C you look up 1 in the Tangent column. Then you 


locate the corresponding angle in the Degrees column. 


When the opposite and adjacent sides are equal, the tangent is always 
1 and this corresponds to an angle of 45°. 


In a right triangle, angle @ = 45°. The adjacent side is 14. The opposite 
side is : 
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17. (14) When you use basic algebra to rearrange the basic trig formulas, 
you can compute the length of any side if you know the angle and one 
other side. This is illustrated below with the sine: 


sin @ = 2 


O=H sin 9 


sin ð 
For example, if the hypotenuse is 150 and 0 = 30°, the opposite side is: 
O =H sin @ = 150 sin 30° 
O = 150 (.5) = 75 
If H = 90 and 8 = 60°, O= 
. (78) O = H sine 0 = 90 sin 60° = 90 (.886) = 77.94 or approximately 
78. To solve this problem, you look up the sine of 60° in the tables, 


and then multiply it by the length of the hypotenuse. 


Since you know the opposite side and the angle, you can compute the 
hypotenuse: 


The opposite side is 15 and the angle is 55°. The hypotenuse is 
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19. (18.3) You look up the sine of 55° in the table then divide it into the 
length of the opposite side. 


You can also rearrange the cosine function to solve for any side. 


cos 0= A 


A=Hcos 9 


If you know the angle and the length of the hypotenuse, which for- 
mula would you use to compute the adjacent side? 


. (65.8) A=H cos @ = 70 cos 20° = 70 (.94) = 65.8. Since you know the 
adjacent side and the angle, you can find the hypotenuse. 


If A= 24 and 0 = 68°, H= 
a LA 2) 25 2S, 
«667 He T os 68° .375 T 


Here are the formulas you use to compute the opposite and adjacent 
sides if you know the tangent of the angle: 


If you know the opposite side and angle, which formula would you 
use to compute the length of the adjacent side? 


23. (A= If O = 17 and 8 = 36° A= 


O 
fan 6? 





24. (23.4) A=-O =—!7_-A7 2734 


tan® tan 36° .727 
To compute the opposite side you use the expression O = A tan 0 if 
you know the side and 


. (adjacent, angle) O =A tan 0. If A= 40 and 6 = 45°, O = 


. (40) If 89 = 45°, A= O. What is the opposite side if the adjacent side is 
115 and 8 = 80°? O= 


. (652) O =A tan 6 = 115 tan 80° = 115 (5.671) = 652. 


Right triangles are widely used in electronics to solve circuit prob- 
lems. The lengths of the sides of the triangle represent voltages, cur- 
rents, or impedances. The angle represents the circuit phase shift. 


Refer to Figure A11. This triangle represents an RC circuit. The sides 
of the triangle represent circuit 


. (voltages) The hypotenuse represents the applied voltage E. The adja- 
cent side represents the voltage across the resistor Ep. The voltage 
across the capacitor is represented by the side. 


. (opposite) The phase angle of the circuit represented by the triangle in 
Figure A11 is 


. (39°) The adjacent side and the hypotenuse are given in Figure A11. 
Therefore you use the cos. 


cos Q= A= 


cos 8 = .777 
@ = 39° 


Compute the capacitor voltage in Figure A11. 
Ec= volts. 
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ER =7 
| 
E=9 Ec = 
Figure A11 
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R = 2000 


Figure A12 


Xo = 1800 





31. (5.66) You could use the sine function since you want to compute the 


opposite side. The adjacent side and hypotenuse are given in Figure 
A11 and H was computed in the previous frame. 


O=Hsin0 
O =9 sin 39° 
O = 9(.629) = 5.66 volts 


What other trig function could you use to compute the opposite side? 


. (tangent) tan@= Q 


You know the angle and the adjacent side, therefore: 
O=Atanð 
O =7 tan 39° 
O = 7(.81) = 5.67 volts 


Refer to Figure A12. The hypotenuse represents what quantity? 


. (impedance or Z) What is the phase angle of the circuit represented by 


this triangle? 6 = 


, (42°) tan@= 9 = 1800 _ 9 


A ~ 2000 


You know the opposite side (capacitive reactance) and the adjacent 
side (resistance). Their ratio is the tangent, and the corresponding angle, 
from Appendix C, is 42°. The impedance of this circuit is 

ohms. 
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35. (2691) Since you know the phase angle and both the opposite and 
adjacent sides, you can use either sine or cosine. 


_ O _ Xc _ 1800 _ 1800_ 
~ sin@ sin@ sin42°  .669 = 2691 ohms 


H=-A_=—R_ — -2000_ _ 2000 - 2691 ohms 


~ cosð® ` sin® cos 42° .743 


As you can see, to solve AC circuit problems with trig, you first iden- 
tify all of the data you have available. Then you determine the quanti- 
ties to be computed. Finally, you select the appropriate trig function 
and compute your answer. 
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APPENDIX C: 
TABLE OF TRIGONOMETRIC FUNCTIONS 


ee) Senet eens 


o 
1 
2 
3 
4 
5 
6 
7 
8 
9 
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Inductive Circuits 4.3 


INTRODUCTION 


In this unit you will study inductors and how they are used in AC circuits. An 
inductor is an electronic component that opposes changes in the current flow 
through it. Like a capacitor, it offers opposition to the flow of alternating current. 
When an inductor is used in sinusoidal circuits, it introduces a phase shift. You 
can combine inductors with resistors and/or capacitors to form a variety of elec- 
tronic circuits. 


Your previous studies in DC electronics should have included inductors and in- 
ductive circuits. You should know what an inductor is, how it works, and what 
effect it has in DC circuits. The first part of this unit is devoted to a review of 
inductors and inductance. 


In the remaining sections, you will study the effects of inductance in an AC cir- 
cuit. You will also consider the characteristics and applications of simple resis- 
tor-inductor, RL, networks. 


Inductance is a characteristic that is present in virtually all electronic circuits. 
You must understand its effect in order to analyze, design, or troubleshoot elec- 
tronic circuits. In addition, your understanding of inductance is vital to your suc- 
cessful completion of the units that deal with transformers and tuned circuits. 
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UNIT OBJECTIVES 


When you complete this unit, you will be able to: 


1. 


10. 


Define inductance, inductive reactance, self inductance, mutual inductance, 
coefficient of coupling, and RL filter. 


Draw a vector diagram which illustrates the phase relationship between 
voltage and current in an RL circuit. 


Determine the impedance of an RL circuit. 
Calculate the phase angle for a series or a parallel RL circuit. 


Determine the inductive reactance of an inductor when you are given the 
inductance and frequency. 


Determine the inductance of an inductor when you are given the inductive 
reactance and frequency. 


Determine the Q of an inductor. 
Name three applications for RL circuits. 
Name four factors that affect the inductance of a coil. 


Explain the relationship of the L/R time constant. 
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UNIT ACTIVITY GUIDE 


Completion 
Time 


Read “Review of Inductors and Inductance.” 
Complete Programmed Review Frames 1-39. 
Read “Inductors in AC Circuits.” 

Complete Programmed Review Frames 40-77. 
Read “RL Circuits.” 

Complete Programmed Review Frames 78-102. 
Perform Experiment 6: RL Circuits. 

Read “Applications of Inductive Circuits.” 
Complete Programmed Review Frames 103-124. 


Complete the Unit Examination. 


ooićrĵrnȘ2o nrin oi0iog0no0u0 oO 


Check the Examination Answers. 
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REVIEW OF INDUCTORS AND INDUCTANCE 


When current flows through an electrical conductor such as a wire, it generates a 
magnetic field around the wire. Each electron in the conductor has a minute 
magnetic field that is associated with it. The electrons in the conductor are aligned 
in a random manner, when no current is flows through it. For that reason, the tiny 
magnetic fields that are associated with each electron tend to cancel one another. 
With no current flows through the conductor, no external magnetic field exists. 
When a voltage is applied to the conductor, electrons begin to flow. This tends to 
align the electrons so that their magnetic fields add. The total strength of the 
magnetic field is the sum of the individual electron fields. The higher the applied 
voltage or the lower the resistance of the conductor, the greater the number of 
electrons that will fiow. The magnitude of the magnetic field that surrounds the 
conductor increases as the amount of current flow increases. This effect is known 
as electromagnetism. See Figure 4-1. 


MAGNETIC FIELD AROUND 
CONDUCTOR 





DIRECTION OF ELECTRON FLOW 


CONDUCTOR 
(WIRE) 


Figure 4-1 
Magnetism around a 
current-carrying conductor. 


Current that flows in a conductor produces a magnetic field. In addition, a mag- 

netic field can cause a current to flow in a conductor. This current flows when 

there is relative motion between the magnetic field and the conductor. When a 
conductor or wire passes through a stationary magnetic field, a voltage or elec- 
tromotive force (emf) is induced into that conductor. Alternately, when a mag- 

netic field asses across a fixed conductor, a voltage is induced into the conductor. 

As long as there is relative motion between the magnetic field and the conductor, 

an induced voltage is generated in the conductor. As the conductor moves, the 
magnetic fields of the electrons in the conductor are affected by the external 
magnetic field. The motion between the conductor and the magnetic field forces 

the electrons to move in one direction or the other. This effect creates a small m 
voltage across the conductor. There is a difference of potential from one end of ' 
the conductor to its opposite end. If the conductor forms a complete electrical 

circuit, current will flow in the circuit. See Figure 4-2. 





ELECTRICAL RESISTIVE 
CIRCUIT LOAD =-= 


/ Ja CONDUCTOR 






HC ~ 


+ MAGNETIC LINES 
OF FORCE 
DIRECTION OF 
MOVEMENT OF 
CONDUCTOR 
Figure 4-2 


Electromagnetic induction. 


The amount of voltage that is induced into a conductor by its motion in a mag- 
netic field depends upon the strength of the magnetic field. The stronger the field, 
the more influence it has on the electrons inside the conductor, and the greater the 
induced voltage. The length of the conductor also determines the amount of in- 
duced voltage. For a given magnetic field, the longer the conductor, the greater 
the induced voltage. The speed with which the conductor cuts the magnetic field 
also influences the magnitude of the induced voltage. When the conductor moves 
through the field slowly, it causes only a small voltage to be induced. When the 
conductor moves quickly through the magnetic field, a larger voltage is induced. 


The direction of motion between the conductor and the magnetic field also deter- 
mines the amount of induced voltage. When the conductor moves in the same 
direction and at the same speed as the magnetic field, no voltage is induced. The 
conductor must cut across the magnetic lines of force in order for a voltage to be 
generated. When the conductor moves perpendicular (90 degrees) to the mag- 
netic lines of force, maximum voltage is induced. As you can see, the amount of 
induced voltage is directly proportional to the strength of the magnetic field, the 
length of the conductor, the speed of the conductor, and the direction of move- 
ment of the conductor relative to the magnetic field. This effect is known as 
electromagnetic induction. Electromagnetism and electromagnetic induction are 
both responsible for the property of inductance and the effect it has on electrical 
circuits. 
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Self-Induction 


When voltage is applied to a conductor, current will flow. This current flow 
generates a magnetic field around the conductor. This field, however, is not cre- 
ated immediately when voltage is applied to the conductor. Rather, the field builds 
gradually as current flow through the conductor increases. When current flow 
reaches its maximum value, the magnetic field around the conductor is at its 
maximum strength. 


As the magnetic lines of force expand outward from the center of the conductor, 
the magnetic field causes a voltage to be induced into the conductor itself. In 
other words, the magnetic field generated by the conductor causes a voltage to 
be induced into the conductor which produces the magnetic field. The expansion 
of the magnetic lines of force with respect to the conductor represents the rela- 
tive motion between the conductor and the magnetic field that is required to 
induce a voltage. The polarity of the induced voltage opposes the polarity of the 
voltage that causes it. 


As long as the magnetic field moves with respect to the conductor, an induced 
voltage is generated. As the magnetic lines of force continue to expand outward 
from the conductor during the rise of the current in the circuit, induced voltage is 
present. When the current in the circuit reaches its maximum, as determined by 
the applied voltage and the resistance of the conductor, the magnetic field be- 
comes stationary. Since there is no further relative motion between the conduc- 
tor and the magnetic field, there is no induced voltage. At this time, the current in 
the circuit is strictly a function of Ohm’s Law. 


When you remove the voltage that is applied to the conductor, current flow de- 
creases. With less movement of electrons in the conductor, the magnetic field 
starts to collapse. As it collapses, the lines of force cut across the conductor and 
induce a voltage. Again, the collapsing lines of force cause relative motion be- 
tween the conductor and the magnetic field. Therefore, a voltage is induced into 
the conductor. The polarity of the induced voltage is such that it tends to keep the 
current flowing in the same direction as dictated by the external applied voltage. 


Application or removal of the voltage source causes a self-induced voltage. This 
self induction takes place for any current changes that occur. When the current 
increases or decreases in a circuit, it causes the magnetic lines of force to expand 
or collapse and thereby cut the conductor, which induces a voltage that opposes 
the applied voltage. The induced voltage is referred to as counter emf or back 
emf since it always opposes the applied voltage. The ability of a conductor to 
generate a voltage with a change in current is called self-induction. It is this 
characteristic that produces the property called inductance. 
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Inductors and Inductance 


Inductance is the property of an electrical circuit that tends to oppose any change 
of current in the circuit. The conductor or wire in the circuit exhibits the property 
of inductance because it opposes changes in the current flow. When the current 
through a conductor suddenly increases, a voltage is induced within the conduc- 
tor that opposes the applied voltage. The induced voltage attempts to cancel the 
applied voltage and tends to hold the current to its previous level. The induced 
voltage opposes the applied voltage, which opposes the increase in current. The 
current still rises, however, because the induced voltage appears only during the 
time that the current increases, the rate of increase is slows. Once there is no 
longer a relative motion between the conductor and the magnetic field, no further 
induced voltage or additional opposition takes place. 


When the current in a circuit suddenly decreases, the magnetic lines of force 
collapse and induce a voltage into the conductor that opposes the applied volt- 
age. When the applied voltage suddenly decreases, the induced voltage main- 
tains the current at the same level. The current eventually decreases, however, as 
the magnetic field stops collapsing and no further induced voltage is generated. 


As you can see, when the current in a circuit changes, it causes a voltage to be 
induced into the conductor that opposes the change of current. The induced volt- 
age tends to cause current in the circuit to remain constant, at least this is true for 
a short period of time. This ability to oppose the change in an electrical current is 
defined as inductance. 





The electronic component that most exhibits the property of inductance is called 
an inductor. The conductor or wire that you have been considering up to this 
point is referred to as an inductor. While any wire or electrical conductor exhibits 
the property of inductance, it is normally not referred to as an inductor. Instead, 
an inductor is considered to be a separate and distinct type of passive electronic 
component. The most common inductor is a coil of wire. The term coil is often 
used interchangeably with the name inductor. 


Whenever a wire is wound into a coil, the coil forms an inductor which becomes 
more manageable. When the wire is wound into a coil, it makes the inductor 
smaller and more compact. At the same time, inductance greatly increases. When 
you keep the turns of wire close together, the magnetic field surrounding the 
wire becomes more concentrated. The greater the magnetic field, the greater the 
induced voltage and therefore the higher its inductance. 


4-10 | unit Four 


Unit of Inductance 


The unit of electrical inductance is the henry. One henry is defined as the amount 
of inductance that a coil has when the current, changing at the rate of one ampere 
per second, produces one volt of induced voltage. Inductance is a measure of 
how much counter emf is generated in an inductor for a specific amount of change 
in the current through that inductor. 


The henry, abbreviated H, is a fairly large unit of inductance. While there are 
inductors available with an inductance of one henry or more, most inductors in 
electronic circuits have a much lower inductance value. These inductance values 
are expressed in smaller units known as the millihenry (mH) and microhenry 
(MH). One millihenry is one thousandth of a henry. One microhenry is one mil- 
lionth of a henry. One microhenry is also one thousandth of a millihenry. In 
formulas, inductance is usually indicated by the letter L. 


Table I shows the relationship between the henry, the millihenry, and the 
microhenry. Table II shows you how to convert from one unit of inductance to 
another. 


TABLE I 
Units of Inductance. 


1 henry = 1000 or 10? millihenry 

1 henry = 1,000,000 or 10° microhenry 

1 millihenry = 1/1000 or 107? henry 

1 millihenry = 1000 or 10° microhenry 

1 microhenry = 1/1000000 or 10~® 
henry 


1 microhenry = 1/1000 or 107 
millihenry 


Henry = H 
Millihenry = mH 
Microhenry = pH 





ee 
3 TABLE II 


How to convert units of inductance. 


Millihenry 










Multiply by 1000 (10°) or move the 
decimal point three places to the 
right. 









Microhenry | Multiply by 1,000,000 (10°) or move 
the decimal point six places to the 
right. 
Millihenry Divide by 1000 (10%) or move the deci- 


mal point three places to the left. 












Multiply by 1000 (10%) or move the 
decimal point three places to the 
right. 


Millihenry | Microhenry 








Divide by 1,000,000 (10°) or move the 
decimal point six places to the left. 


Microhenry| Henry 









Millihenry Divide by 1000 (10%) or move the deci- 


mal point three places to the left. 


Microhenry 






The following examples also show you how to use the information in Tables I 
and II to convert from one unit to another. 


1. Convert 100 mH to H. 100 mH = 100/ 1,000 = .1 H. 


2. Convert 78.6 uH to H. 78.6 pH = 78.6 / 1,000,000 = .0000786 H or 78.6 x 
10°H. 


3. Convert 22 mH to pH. 22 mH = 22 x 1,000 = 22,000 uH. 
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Factors That Affect Inductance 


The physical characteristics of a coil determine its inductance. The amount of 
inductance that a coil has depends upon the number of turns in the coil, the 
spacing between the turns, the wire size, the shape of the coil, the number of 
layers of windings, the type of windings, the diameter of the coil, the length of 
the coil, and the type of core material. Refer to Figure 4-3. 


FACTOR LOW INDUCTANCE HIGH INDUCTANCE 


NUMBER 
OF 
TURNS | 
B EA 


LENGTH AND 
TURNS 
SPACING ] 


NON-MAGNETIC MAGNETIC 
OR J CORE 


CORE 
MATERIAL 


Figure 4-3 
Factors that influence inductance. 





The inductance of a coil is directly proportional to the number of turns of wire 
and the diameter of the coil. The greater the number of turns, the greater the 
magnetic field that is produced by the coil. And for a given number of turns, the 
greater the diameter of the coil, the more magnetic lines of force are produced. 
Anything you do to increase the magnetic field that is produced by the coil will 
increase its inductance. 


The spacing between the turns also affects the inductance. When you keep the 
turns very close together, the magnetic lines of force that are produced by each 
turn add together and produce a stronger magnetic field. More space between the 
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turns of the coil reduces the addition of the lines of force that are produced by 
each turn. This additive effect is called mutual inductance, and you can adjust the 
spacing between the turns to increase or decrease it. The spacing of the turns also 
affects the coil’s length. Inductance is inversely proportional to the length of the 
coil. That is, when you increase the length, you decrease the inductance. When 
you increase the length, the resistance also increases, which reduces current flow. 
Current flow is the movement that results in the property called inductance. The 
length of the wire you use to make the coil is not the same as the length of the 
conductor in a magnetic field. 


The size of the wire in the coil does not directly affect the inductance of the coil, 
but it does influence the spacing between the turns when the turns are directly 
adjacent to one another. The smaller the wire, the closer the turns and the greater 
the inductance. The diameter of the conductor wire that forms the coil is a factor, 
but a smaller diameter allows a greater number of turns to be formed, which is a 
much more important factor. 


The number of layers of winding also affect the inductance. The greater the num- 
ber of windings, the greater the inductance. The shape of the coil and the method 
of winding the wire also affects the inductance. Keep in mind that the closer the 
turns and the greater the alignment of the various layers of wire, the greater the 
magnetic field that can be produced for a given amount of current and, therefore, 
the greater the inductance. 


The type of core material in the coil also affects the inductance. Core material 
refers to the type of form on which the wire is wound. Many coils are self-sup- 
porting and have no form or core. Such coils are referred to as air-core inductors. 
The inductance of an air-core coil is strictly a function of the factors you just 
learned. A core, however, affects the inductance. 


Most inductors are made with a core that has magnetic properties. Cores that are 
made of iron, steel, nickel, or some related alloy can support a magnetic field. 
Such cores concentrate the magnetic lines of force that are produced by the coil, 
which increases the intensity of the magnetic field. This increases the amount of 
induced voltage and, therefore, the inductance. 


It is the permeability of the core material that determines its effect on the induc- 
tance of the coil. Permeability is the ability of a material to support the magnetic 
lines of force. The greater the ease with which magnetic lines of force can be set 
up within the core materials, the higher the permeability. Air has a permeability 
of 1 while a magnetic material like iron has a permeability of 7000. 
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i LENGTH J 








CENTER OF 
RADIUS (r) COIL 


FORM TURNS OF WIRE 


Figure 4-4 
Cross-section view of 
a singe layer inductor. 


The following formula relates all of these factors in a formula that you can use to 
compute the inductance of a single-layer inductor. This is shown in Figure 4-4. 


L- M N? r? 

l 
Lis the inductance in microhenrys, N is the number of turns, r is the radius of the 
coil in centimeters (1 inch = 2.54 centimeters), l is the coil length in centimeters 
and ų is the permeability. For example, an air-core coil with a radius of 2 CM, a 
length of 7 CM, and 100 turns has an inductance of; 


2 2 
L= OD (D = 1600 = 228.57 H 


NOTE: An air core has a permeability (1) of 1. 


Types of Inductors 


There are two basic types of inductors that are used in electronic circuits, fixed 
inductors and variable inductors. Fixed inductors are further classified by their 
type of core material. The two major kinds of fixed inductors are air-core and 
iron-core. Variable inductors are inductors whose inductance value can be var- 
ied. Most variable inductors use an iron-core. 


FIXED INDUCTORS 


Basically all inductors are made by winding a length of wire around a core. Solid 
copper wire with an enamel insulation is the most commonly used conductor. 
The core can be a non-conducting non-magnetic material such as bakelite, plas- 
tic, or ceramic. The primary purpose of these cores is to support the coil of wire. 
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These cores have no magnetic properties and, therefore, do not affect the induc- 
tance of the coil. When a coil is made of heavy wire, a form may not be needed 
for support. The wire may be rigid enough to support itself. Coils with non-mag- 
netic forms or no form at all are referred to as air-core inductors. Their coils 
generally have very low values of inductance. Air cores are usually used in high 
frequency applications. Figure 4-5A is the schematic symbol of an air-core in- 
ductor. 
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Figure 4-5 
Typical fixed inductors. (A) air-core, 
(B) printed circuit inductor, 
(C) iron-core choke, (D) toroidal 
inductor, and (E) ferrite bead 
inductor and their schematic 


symbols. 
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Figure 4-5B shows a special type of fixed inductor. The inductor is a spiral of 
copper foil on a printed circuit board. The advantage of such a coil is that it can 
be formed during manufacture of the printed circuit board. The physical con- 
figuration that is dictated by this type of construction allows you to obtain only 
very small values of inductance. This type of inductor is widely used in high- 
frequency circuits. 


Another common type of fixed inductor is the iron-core choke. The term choke 
is used interchangeably with inductor. In this type of inductor, a multi-layered 
coil is wound on a laminated iron-core. The iron-core has magnetic properties 
that concentrate the magnetic field, which increases its inductance. Values of 
inductance that approach 100 henrys are possible with such iron-core chokes. 
Iron-core inductors such as this are used primarily in DC and low-frequency AC 
applications. Figure 4-5C shows a typical iron-core choke and its schematic sym- 
bol. 


Another specially-shaped iron-core choke is the toroidal inductor shown in Fig- 
ure 4-5D. The donut-shaped core is either a powdered iron called ferrite or a 
spiral wound tape of magnetic metal. Toroids are used in both low- and high- 
frequency applications. At one time, toroidal coils were used extensively in digi- 
tal computer memories. Some older computers may still use core memories, but 
solid-state integrated circuit memory is much more common today. 


A special iron-core fixed inductor is the ferrite bead inductor shown in Figure 
4-5E. Here, a tiny cylindrical-shaped ferrite bead is simply slipped around a wire 
conductor. The short wire has inductance, but the ferrite bead concentrates and 
intensifies the magnetic field around the wire. The small ferrite bead increases 
inductance without adding critical spacing, size, or much additional weight to 
the circuit. You can obtain only small values of inductance with a bead, but such 
small inductors are very useful in high-frequency applications. 


Inductive Circuits 4-1 7 


VARIABLE INDUCTORS 


A variable inductor’s inductance can be changed. Most variable inductors consist 
of a coil of wire that is wound on a non-magnetic form. The form contains a 
movable core. This core, which is usually made of powdered iron known as fer- 
rite, is made adjustable. You can position of the core with respect to the coil so 
that the inductance value varies as the core moves into or out of the coil form. 
Variable inductors such as this are widely used in tuned circuits in radio applica- 
tions. Figure 4-6 shows a typical variable inductor and its schematic symbol. 
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Figure 4-6 
Typical variable inductor 
and its schematic symbol. 
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Inductors in DC Circuits 


Inductance has no effect upon direct current unless the DC changes (turns on, 
turns off, or pulsates). In most DC circuits, the current flow in the circuit is 
constant. When you use an inductor in a DC circuit, only the resistance of the 
wire affects the current. The property of inductance depends upon a changing 
current which produces a self-induced voltage. When the current in a DC circuit 
changes, the inductance affects it. The current in a DC circuit usually changes 
only when you apply or remove the voltage. An inductor in a DC circuit reduces 
AC ripple from the supply voltage and noise that might be riding on the DC. 


Figure 4-7 shows inductor L connected to a DC source through a switch. When 
the switch is in position A, the inductor is not connected to the DC supply. When 
you move the switch to position B, the battery connects to the inductor. When 
you move the switch from position A to position B, the DC source voltage causes 
current to flow. The instant electrons begin to flow, a magnetic field is generated. 
As the magnetic field expands outward, it cuts the turns of the inductor and 
induces a counter emf. The polarity of the induced voltage opposes the applied 
voltage, and the amount of current flow in the circuit is initially limited. The 
opposition of the induced voltage does not allow the current in the circuit to rise 
instantaneously. Instead, it takes a finite period of time for the current to reach its 
maximum value. 
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Figure 4-7 
Inductance in a DC circuit. 


The graph in Figure 4-8A shows how the current varies with time when you first 
apply a DC voltage to the inductor. Once the magnetic field stops expanding, no 
further counter emf is induced. It is at this time that current in the circuit is 
maximum. The amplitude of the applied voltage and the resistance of the induc- 
tor determines the maximum current. 


The resistance of the inductor is its DC resistance, not its inductive reactance. 
Inductive reactance is an AC resistance and is defined as X}. To DC, the inductor’s 
resistance is usually very low. The DC resistance varies from a few ohms to a 
few hundred ohms. The actual DC resistance is a function of the type of conduc- 
tor material used, its diameter, and its length. The AC resistance (inductive reac- 


tance) is a function of the inductor’s value in henries and the frequency of opera- 
tion. Inductive reactance (X;,) will be described in the next section of this unit. 
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Figure 4-8 
Variation of direct current in an inductor 
when (A) power is applied, and (B) power 


is removed. 


When you move the switch from position B to position A, you break the connec- 
tion to the DC source. This causes the magnetic field around the inductor to 
collapse. As it collapses, it induces a voltage when the magnetic field cuts the 
turns of the coil. When you remove the DC source voltage, current does not drop 
to zero instantaneously. Instead, the collapsing magnetic field induces a voltage 
which causes the current flow to continue in the same direction. When the mag- 
netic field completely collapses, no further voltage is induced, and the current 
flow drops to zero. Figure 4-8B shows the decay in current when power is re- 
moved from the inductor. 
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As you can see from the graphs in Figure 4-8, the inductor clearly opposes changes 
in current in DC circuits. When you apply a voltage to the inductor, the inductor 
opposes (slows) the rise of current in the circuit. When you remove the voltage 
from the circuit, the inductor again keeps the current flowing in the same direc- 
tion for a short time to opposes the change in current flow. 


Inductive Time Constant 


Whenever a DC voltage is applied to or removed from an inductor, it takes a 
definite period of time for the current to reach its maximum or minimum values. 
The effect is similar to the time that it takes for a capacitor to charge or dis- 
charge. The time that it takes the inductive circuit’s current to rise or fall is re- 
ferred to as the time constant of the inductor. 


The time constant of an inductor is defined as the time required for the current to 
rise to 63.2% of its maximum value or to decrease to 36.8% of its maximum 
value. The time constant is illustrated in Figure 4-8. 


The value of the inductive time constant is a function of the inductance and 
resistance in the circuit. The time constant is directly proportional to the induc- 
tance and inversely proportional to the resistance. The following equation ex- 
presses this relationship: 


1 
Alc 


As you can see, the greater the inductance, the greater the time constant. Also, 
the greater the induced voltage, the greater the opposition to the applied voltage. 
This means that the current in the circuit takes longer to rise to its final or maxi- 
mum value. The larger the resistance, the less the current and the lower the strength 
of the magnetic field and the induced voltage. 


In this expression, t is in seconds, L is in henrys, and R is in ohms. For example, 
if a 1.5-henry choke has a resistance of 100 ohms, the time constant is: 


t= is = .015 seconds or 15 milliseconds 


This means that it takes 15 milliseconds for the current to rise to 63.2% of its 
maximum value or to fall to a value of 36.8% of the maximum circuit current. It 
takes approximately 5 time constants for the current to rise to the maximum 
value from zero, or drop from its maximum value to zero. Note that the 5 time 
constants it takes the inductor to completely change between maximum and mini- 
mum is the same as a capacitor takes to completely charge and discharge. 
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Remember that in a capacitive circuit, current initially is maximum and the volt- 
age reached its maximum across the capacitor after 5 time constants. In this case, 
current leads voltage. In a purely capacitive circuit, current leads voltage by 90°. 
In an inductive circuit, however, current initially is zero and voltage is maxi- 
mum. In this case, voltage leads current. In a purely inductive circuit, voltage 
leads current by 90°. The voltage and current relationship becomes very impor- 
tant later in your studies when you combine capacitors and inductors in a variety 
of circuit configurations. 





When the maximum current in the example above is 600 milliamperes, it takes 
15 milliseconds for the current to rise to 63.2% of 600 or .632 x 600 = 379.2 mA. 
It takes 5 x 15 = 75 milliseconds for the current to rise to the full 600 mA. 
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Programmed Review 


When current flows through a wire conductor, it generates a magnetic 

field. The magnitude of the field is proportional to the current. 

That is, to increase the strength of the magnetic field, you must 
the current. 


(increase) The ability of a current flow to produce a magnetic field is 
called 


(electromagnetism) When there is relative motion between a conduc- 
tor and a magnetic field, a voltage is induced into the conductor. This 
effect is referred to as 


(electromagnetic induction or induction) A voltage is induced only if 
the magnetic field or the conductor is 


(moving) The magnetic lines of force must cut across the inductor in 
order to induce a voltage. If the magnetic field changes (expands or 
collapses), the effect is the same as physical motion. To vary the mag- 
netic field that is produced by a conductor, the must 
vary. 


(current) When the current in a conductor varies, it causes the mag- 
netic field that is generated to vary. If the magnetic field cuts across 
another conductor it______ a voltage into the conductor. 


(induces) The changing magnetic field also cuts across the conductor 
which produces the magnetic field. As a result, the conductor that gen- 
erates the varying magnetic field induces a voltage into itself. This 


process is called 3 


(self-induction) The polarity of the self-induced voltage is such that it 
opposes the applied voltage. This has the effect of the 
circuit current. 





(reducing or decreasing) The changes in current in the conductor pro- 
duce a varying magnetic field that induces a voltage into the conduc- 
tor. This self-induced voltage opposes the applied voltage and there- 
fore the current. The property of an electrical circuit that opposes a 
change in current is called 


. (inductance) The electronic component that exhibits this characteristic 
is called a(n) 


. (inductor) Inductors are also called 


. (coils, chokes) When inductors are manufactured, a wire conductor is 
wound into a coil on a form. A coiled wire concentrates the magnetic 
field. For a given length of wire and current, the magnetic field and 
therefore the self-induced voltage is higher with a coiled conductor. In 
other words, when you coil the wire, you increase the 


. (inductance) The unit of inductance is the 


. (henry) One henry is the inductance of a coil in which a current change 
of one ampere per second induces a voltage of one volt. Inductance is 
designated by the letter and henry is abbreviated as 


. (L, H) Smaller units of inductance are also commonly used. A com- 
mon unit of inductance is the which represents one thou- 
sandth of a henry. 


. (millihenry) It takes 1000 millihenrys to make one henry. Millihenry 
is abbreviated 


. (mH) Another even smaller unit of inductance is the microhenry. One 
microhenry is one of a henry and is abbreviated 
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18. (millionth, pH) It takes one million pH to make one H. Or it takes one 
uH to make one mH. 


. (thousand) It is often necessary to convert between these various units. 
To do this, you multiply or divide by the proper factor. For example, 
123 mH = H. 


. (123) 123 mH + 1000 = .123 H. Another example is 487 uH = 
H. 


. (000487) 487 WH. 1000000 = .000487 H. Convert .0035 H to mH and 
HH. .0035 H = mH and pH. 


. (3.5, 3500) A coil's physical characteristics determines the amount of 
inductance the coil has. List four of the important factors: 


. (number of turns, length, diameter, type of core) Anything you do to 
increase the intensity of the magnetic field produced by the coil will 
increase its inductance. For example, if you increase the number of 
turns, decrease the spacing between turns, and insert an iron core, the 
inductance will 


. (increase) The two basic types of inductors are 


. (fixed, variable) Fixed coils are further classified by the type of core 
material. The two kinds of cores most often used are 
and 


. (air, iron) A variable inductor usually uses an 


. Gron) You move the core with respect to the coil of wire to vary the 
inductance. If you move the core out of the coil, it its 
inductance. 
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28. (reduces or decreases) An inductor has no effect upon the operation of 


a DC circuit because the current is constant and does not vary. True or 
false? 


. (true) However, when the DC is applied to or removed from the cir- 
cuit, the current changes. Therefore the inductor attempts to 
the changes. 


. (oppose) It opposes the rise of current when you apply the DC voltage. 
It opposes the decrease of the current when you remove the DC volt- 
age. Of course, the changes still take place even though inductance is 
present. The effect of the inductance is to introduce a time lag. It takes 
a finite amount of time for the current to change in response to a change 
in DC voltage. This time is a function of the and 

in the circuit. 


. (inductance, resistance) The time that it takes the current to rise to 
63.2% of its maximum value is called the 


. (time constant) The inductance and resistance in the circuit determine 
the time constant, which is expressed by the formula 


. (t= k ) An inductor with an inductance of 4.5 henrys and a resistance 


of 200 ohms is connected to a 9-volt DC source. The maximum circuit 
current is amperes. 


. (.045) Only the resistance of the inductor controls the current. There- 
fore you use Ohm’s Law to compute it. I = E/R = 9/200 = .045 am- 
peres. The time constant of this inductor is seconds. 


. (0225) t= L/R = 4.5/200 = .0225 seconds or 22.5 ms. This means that 
it takes 22.5 ms for the current to rise to 63.2% of its maximum value 
or amperes. 
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36. (.02844) In 22.5 ms the current will rise to 63.2% of .045 amperes or 
.632 x .045 = .02844 amperes. It will take seconds for 
the current to rise to the maximum value. 


. (-1125) It takes five time constants (5t) for the current to rise to the 
maximum value or 5 x .0225 = .1125 seconds. The time constant also 
applies to the decay of current. It takes one time constant for the cur- 
rent to drop to 36.8% of the maximum value. With a maximum cur- 
rent of .045 amperes it takes 22.5 ms for the current to drop to 

amperes. 


. (.01656) After one time constant, the current is .368 x .045 = .01656 
amperes. It will take five time constants for the current to drop to 


39. (zero) 





a 


INDUCTORS IN AC CIRCUITS 


When an inductor is used in an AC circuit, it offers opposition to any change in 
current flow. An applied voltage that varies causes a counter emf to be continu- 
ously induced into the coil. The counter emf opposes the applied voltage, and the 
effect is to limit the amount of current flow in the circuit. Like a capacitor or 
resistor, the inductor opposes the flow of alternating current. 


Due to the unique relationship between the applied voltage, induced voltage, and 
current in an inductive circuit, an inductor introduces a phase shift. The induc- 
tance causes the applied voltage and current are out of phase with one another. 


Current-Voltage Relationship 


Assume that a sine wave AC voltage is applied to an inductor as shown in Figure 
4-9. Since the applied voltage is sinusoidal, the current flow in the inductor is 
also sinusoidal. The current through the coil periodically (every 180°) reverses 
direction. This reversal of current occurs because the applied voltage reverses 
polarity. 


(A) o oo 








Figure 4-9 
Sine-wave AC voltage 
applied to an inductor. 
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The current in this inductive circuit is illustrated by the current waveform in 
Figure 4-10, The changing current in the circuit causes the magnetic field around 
the inductor to rise and fall, which repeatedly cuts the turns of the coils and 
induces a voltage. The induced voltage, called the counter emf, opposes the ap- 
plied voltage. The counter emf waveform is also illustrated in Figure 4-10. Note 
that the counter emf is out of phase (90° difference) with the current sine wave. 


COUNTER APPLIED 
CURRENT(!) EMF VOLTAGE(E) 





Figure 4-10 
Current-voltage relationship 
in an inductive circuit. 


As you recall from the previous description of self-induction, the amount of 
voltage that is induced into a conductor is proportional to the rate of change of 
the magnetic field. The faster the magnetic field expands or collapses, the higher 
the induced voltage. As you can see in Figure 4-10, the most rapid change in 
current occurs at points A and B. Here, the current changes from positive to 
negative or from negative to positive. The rate of change of current is highest at 
these points, and it is also at these points that the induced voltage is highest. The 
positive and negative peaks of the counter emf occur at the zero crossing points 
of the current waveform. The rate of change of current is zero at the positive and 
negative peaks of the current waveform. As a result, the induced voltage at these 
points is also zero. Note that, the counter emf is 90° out of phase with the cur- 
rent. 


Counter emf opposes the applied voltage. Since the induced voltage is in direct 
opposition, it is exactly opposite in phase to the applied voltage. The applied 
voltage and the counter emf are 180° out of phase with one another. Keep in 
mind that one cycle of a sine wave represents 360°. One half cycle represents 
180°, and one quarter of a cycle is 90°. As you can see from Figure 4-10, the 
induced and applied voltages are exactly opposite one another. When one is maxi- 
mum, the other is minimum and vice versa. Also note that the current lags the 
applied voltage. As the applied voltage increases, the current increases 90° later 
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in time. When the applied voltage decreases, the current decreases 90° later. In a 
purely inductive circuit, current lags the applied voltage by 90°. This is some- 
times stated as the voltage leads the current by 90°. This is opposite the voltage- 
current relationship in capacitive circuits. 


Inductive Reactance 


The counter emf that is induced into an inductor by a varying current opposes the 
applied voltage. As a result, the total effective voltage in the circuit is the differ- 
ence between the applied voltage and the induced voltage. Because the induced 
voltage is less than the applied voltage, the effect of the inductance is to mini- 
mize or reduce current flow. The greater the inductance, the greater the counter 
emf. The opposition to current flow by an inductor in an AC circuit is called 
inductive reactance. Like resistance (R) and capacitive reactance (Xc), inductive 
reactance (X1) is measured in ohms. 


The amount of inductive reactance that is offered by a coil is directly propor- 
tional to its inductance and the frequency of the applied voltage. The greater the 
inductance, the greater the magnetic field. The greater the magnetic field, the 
higher the induced voltage for a given current. The higher the induced voltage, 
the greater the inductive reactance. 


As the frequency of the applied AC voltage increases, the rate of change of cur- 
rent also increases. As the rate of change of current increases, the magnitude of 
the induced voltage becomes greater. This increased induced voltage causes greater 
opposition to the applied voltage. 


Inductive reactance is represented by the symbol X,. The inductive reactance in 
ohms is expressed by the formulas: 


X,, = 2nfL 
or 
X, = 6.28 fL 


In this formula, X; is in ohms, f is the frequency in Hz, and L is the inductance in 
henrys. For example, to compute the inductive reactance of a .25 henry coil at 
400 Hz, you make the following calculations: 
X, = 6.28 fL 
X, = 6.28 (400) (.25) 


XL = 628 ohms 
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You can use simple algebra to rearrange the basic inductive reactance formula to 
solve for frequency or inductance. 








fok 
6.28 L 

T X, 
v= 628f 


Ohm/’s Law For Inductive Circuits 


Ohm’s Law applies equally to inductive AC circuits as it does to resistive or 
capacitive circuits. The current flow in an inductive AC circuit is directly pro- 
portional to the applied voltage and inversely proportional to the inductive reac- 
tance. The following expression represents this relationship mathematically: 


In this expression, the current is in amperes, the voltage in volts, and the reac- 
tance in ohms. When the voltage increases or the reactance decreases, the cur- 
rent increases. When the applied voltage decreases or the reactance increases, 
the current decreases. 


This relationship between the current, voltage, and reactance is illustrated in the 
following example. 


How much current flows in a 2.5-millihenry choke when a 10 volt, 100 kHz sine 
wave is applied? To solve this problem, you must first compute the inductive 
reactance: 

X, = 6.28 FL 

X, = 6.28 (100,000) (.0025) 


X, = 1570 ohms 


Now that you know the inductive reactance and the applied voltage, you can use 
Ohm’s Law to compute the circuit current: 


= E10. 
I= XK, ~ 1570 .00637 amperes or 6.37 mA 
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Mutual Inductance 


The term inductance is more accurately described as self-inductance. This is the 
property of a coil whose magnetic field induces a voltage into itself. When the 
current in the coil varies, it produces a changing magnetic field. The magnetic 
lines of force cut the turns of the coil which produces the magnetic field. This 
induces a voltage into itself, that opposes the applied voltage, and is referred to as 
self-induction. 


The varying magnetic field that surrounds an inductor can also influence other 
nearby conductors. As the magnetic field varies, the lines of force can cut the 
turns of an adjacent coil and induce a voltage into it as well as into the inductor 
that produces the field. The process by which one inductor causes a voltage to be 
induced into another is called mutual induction. 


Figure 4-11 shows an inductor, with the primary coil (the coil closest to the volt- 
age source), connected to an AC voltage source. When current flows in the pri- 
mary coil, it produces a varying magnetic field. This causes a voltage to be in- 
duced into the primary coil itself as well as into the secondary coil. Note that the 
secondary coil is not directly connected to the source voltage. The magnetic lines 
of force cut the turns of an adjacent (secondary) inductor, and induce a voltage 
into it. The induced voltage causes current to flow through the load resistor. 
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Figure 4-11 


Mutual inductance 
between adjacent coils. 


When current begins to flow in the secondary coil, it produces a varying mag- 
netic field around it. This magnetic field induces a voltage into the secondary 
coil. The varying magnetic field from the secondary coil also induces a voltage 
back into the primary winding. As you can see, there are four induced voltages 


that affect the operation of the circuit. These are the two self-induced voltages 
and the two mutually-induced voltages. The overall effect is complex due to the 
interrelationship between the magnetic fields. 


The two coils in Figure 4-11 have mutual inductance because one coil induces a 
voltage into the other. Mutual inductance is designated by the symbol Lm. The 
unit of mutual inductance is the henry. A mutual inductance of one henry is de- 
fined as the condition where a current change of one ampere per second in one 
coil, induces a voltage of one volt into another coil. 


The amount of mutual inductance that exists between two adjacent coils depends 
upon the degree of coupling between them. In other words, mutual inductance is 
determined by how many lines of force from one coil cut the turns of an adjacent 
coil. The degree of coupling between the coils is expressed by a factor called the 
coefficient of coupling, k. A coefficient of coupling of one, k = 1, represents 
100% coupling of the magnetic lines of force. 


When all of the magnetic lines of force that are produced by one coil do not cut 
all of the turns of the other coil, the coefficient of coupling is less than 1. The 
worst case situation is where none of the magnetic lines of force that are pro- 
duced by one coil cut the turns of the other coil. In this case, the coefficient of 
coupling is zero. 


The coefficient of coupling is zero when the two coils are spaced far enough 
apart so that their magnetic fields do not influence each other. When the two 
coils are at right angles to each other, the magnetic lines of force of one coil do 
not influence the other. For other combinations of spacing and relative positions 
of the coils, the coefficient of coupling will be between 0 and 1. 


The mutual inductance that exists between two coils is a function of the coeffi- 
cient of coupling and the values of inductance of the two coils. Mutual induc- 
tance is expressed by the equation: 


La =kyL,L, 


Mutual inductance only occurs where the magnetic lines of force that are pro- 
duced by one coil can affect another adjacent coil. In some situations, no mutual 
inductance is possible. For example, when you use two iron-core chokes, the 
coefficient of coupling between them is zero or very close to it. The iron-core in 
an inductor concentrates the lines of force and prevents them from extending 
outward beyond the coil. This is particularly true in iron-core chokes that have a 
completely closed loop core. None of the magnetic lines of force leave the core. 
The property of mutual inductance is generally associated with coils that are on 
a common core or closely spaced air-core coils. 
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Inductors in Series and in Parallel 


Inductors are often connected in series or parallel combinations to produce dif- 
ferent values of inductance. The rules that determine the total inductance of se- 
ries and parallel connected inductors are the same as the rules you use to compute 
total resistance of resistors that are connected in series and in parallel. 


SERIES INDUCTANCE 
When two or more inductors are connected in series, the total inductance of the 
combination is the sum of the individual inductances. Figure 4-12 shows three 


inductors that are connected in series. The total inductance of this combination 
is: 


Lrp=L,+lL,+L, 


L4 Lo L3 

















Ly 
Lq = L4 + L2 + L3 


Figure 
Inductors in series. 


The calculation assumes that no mutual inductance exists between the inductors. 
When mutual inductance is involved, total inductance of the combination is the 
sum of the individual inductance values plus the value of mutual inductance. 


When two inductors are connected in series in such a way that their magnetic 
fields aid one another, the total inductance of the combination is as expressed by 
the formula: 


Lr=L, +L, +2Lm 


When two coils are connected in series so that their magnetic fields oppose one 
another, the total inductance of the combination is expressed by: 


Lr=Lı +L2-2 Lm 
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In both situations where mutual inductance is present, the magnetic lines of force 
of one coil affect those of the other. The directions of the magnetic fields are 
important because they can aid or oppose each other. You can determine the 
directions of the magnetic fields if you know the direction in which the coils are 
wound. When the series connected coils are wound so that their turns are all in 
the same direction, the magnetic fields add. In this case, the magnetic fields are 
series-aiding. When the turns of two series-connected coils are wound in oppo- 
site directions, the magnetic fields oppose each other. In this case, there is some 
cancellation of the magnetic effect between the two coils. When it is desirable to 
minimize or reduce the mutual inductance to zero, series-connected coils should 
be positioned so that they are at right angles (perpendicular) to each other. 


PARALLEL INDUCTANCE 


When two inductors are connected in parallel as shown in Figure 4-13, the for- 
mula for total inductance is: 

















_LxL 
las L, +L, 

LT Ly Lo 
Figure 4-13 


Inductors in parallel. 


This expression is similar to the formula for parallel resistors or series capaci- 
tors. When more than two inductors are connected in parallel, you can determine 
the total inductance of the combination with the above expression by combining 
the inductors two at a time until you obtain the total. This expression assumes 
that no mutual inductance exists. The reciprocal method that you use to find Rr 


can also be used to solve for Ly, for a circuit that contains any number of induc- 
tors in parallel. 
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The Quality of an Inductor 


Until now, this unit assumed that an inductor is perfect. A perfect inductor or a 
purely inductive circuit has no resistance. In a purely inductive AC circuit, the 
only opposition to current flow is the inductive reactance. However, from a prac- 
tical standpoint, perfect components do not exist. Since the inductor is a coil of 
wire, it has resistance. The resistance of an inductor is the specific resistance of 
the wire that is used to manufacture the coil. It is not unusual for a choke (coil or 
inductor) to have a resistance of several hundred ohms. 


In many circuits, the resistance of the inductor is so low that you can consider it 
as negligible. In these cases, it has little or no effect on the operation of the cir- 
cuit. In other applications, the resistance of the inductor is higher, it can greatly 
affect the operation of the circuit. 


Low resistance is a desirable characteristic of an inductor. The primary reason for 
this is that a resistance dissipates power. Therefore, power is dissipated by an 
inductor due to its resistance. An inductors resistance basically determines the 
quality of an inductor. The quality or figure of merit of an inductor is called its Q. 
The Q of a coil is the ratio of the energy that is stored in the coil in the form of a 
magnetic field to the energy dissipated in its resistance. This is expressed as: 


Qua enemy stored 
~ energy dissipated 


Since the inductance and inductive reactance is a measure of the amount of en- 
ergy that is stored in a coil, and since the resistance of a coil is a measure of the 
amount of energy dissipated, you can also express the Q of a coil as the ratio of 
the inductive reactance to the resistance. 


For example, the Q of a 88 mH coil with a resistance of 50 ohms at 10 kHz is: 
X, = 6.28 fL 
Xz, = 6.28 (10,000) (.088) 
X, = 5526.4 ohms 


_X, _ 5,526.4 _ 
Q= FE = 25 = 110.528 
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Q is a figure of merit and is expressed as a numerical value without a unit of 
measure. It is simply a ratio. 


This relationship is widely used to indicate the quality of an inductor. Generally, 
the higher the Q the better the coil. A high Q coil has a Q of approximately 20 or 
greater. 


Since Q is directly proportional to the inductive reactance, Q increases as fre- 
quency increases. The reactance is essentially a constant at low frequencies. Due 
to certain electrical characteristics, the resistance of an inductor increases as fre- 
quency increases. However, the resistance does not increase as rapidly as induc- 
tive reactance. Therefore, Q increases with frequency. 
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Programmed Review 











40. When you apply an AC voltage to an inductor, alternating current flows. 
The varying current produces a varying magnetic field that 
a voltage into the inductor. 


. (induces) If the current is sinusoidal, the induced voltage is 


. (sinusoidal) The induced voltage is 180° out of phase with the applied 
voltage. In other words, the self-induced voltage the 
applied voltage. 








. (opposes) The rate of change of current determines the amplitude of 
the induced voltage. The faster the current changes, the higher the 
induced voltage. At the peaks of the current waveform, the rate of 
change of current is 










. (zero) At the current peaks, the rate of change of current is zero. At 
this time the induced voltage is 







. (zero) The greatest rate of change of current occurs when the current 
waveform is 
















. (zero or crossing zero) The induced voltage is at its peak during this 
time. Due to this relationship between the current and induced volt- 
age, their maximum, minimum, and zero crossing points do not coin- 
cide. This condition is referred to as 





. (phase shift) The current and induced voltage are 90° out of phase 
with each other in a pure inductance. The current and applied voltage 
are also degrees out of phase with each another. 


48. (90) The current the applied voltage. 
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49. (lags) Or, the applied voltage the current. 


50. (leads) The opposition offered to the flow of AC by an inductor is 
called 






. (inductive reactance) Inductive reactance is represented by the desig- 
nation 
















. (X,) The unit of inductive reactance is the 





. (ohm) Like resistance, capacitive reactance and impedance, inductive 
reactance is measured in ohms since it is an opposition to current 
flow. The inductive reactance is a function of two factors 

and 





. (frequency, inductance) The higher the frequency of the applied volt- 
age, the greater the rate of change of current and the higher the in- 
duced voltage. The greater the induced voltage, the greater the oppo- 
sition to 


. (current) The greater the inductance, the greater the magnitude of the 
induced voltage for a given current. This means a higher induced volt- 
age and greater opposition to current flow. The 

is directly proportional to frequency and inductance. 









. (inductive reactance) You can compute the inductive reactance with 
the formula 


. (%, = 6.28 fL) If the frequency is 2 kHz and the inductance is 9 mH, 
the inductive reactance is ohms. 















. (1130.4 X, = 6.28 (2000) (.09) = 1130.4 ohms) The current flow in an 
inductive circuit is influenced by the frequency and inductance. If 
you decrease the frequency, the current will 
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59. (increase) When the frequency decreases, the inductive reactance and 
the opposition to current flow also decrease. Therefore, the current 
will increase. Increasing the inductance causes the current to 


. (decrease) When the inductance increases, the reactance increases and 
therefore decreases the current. The formula which relates the current, 
voltage, and reactance in an inductive circuit is I = 


; (È ) Self-inductance refers to the effect of a self-induced voltage 
L 


that is created by a current change. The effect of one inductor induc- 
ing a voltage into another is referred to as 


. (mutual inductance) The magnetic field that is generated by a coil in 
duces a voltage into itself as well as any closely adjacent coil. The 
amount of voltage that is induced into a nearby coil is a function of 
the relative spacing and position of the two coils. The degree to which 
the magnetic lines of force of one coil affect the other coil is called the 





. (coefficient of coupling) If all of the lines of force of one coil cut all 
of the turns of the other, the coefficient of coupling is 


. (1) If none of the lines of force of one coil cut the turns of the other, 
the coefficient of coupling, k, is 


. (0) The mutual inductance L,, is a function of the individual coil in- 
ductances and the 


. (coefficient of coupling) The mutual inductance is expressed by 


o . (La =k VL; L, ) When inductors are connected in series, the total in- 
ductance of the combination is the of the individual in- 
ductances. 
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68. (sum) The total inductance (L,) of a 750-mH choke (L,) and a 1.2 H 
choke (L,) in series is H. 


. (1.95 Lp = Ly + Ly = .75 + 1.2 = 1.95 H). This relationship assumes 
that there is no between the coils. 


. (mutual inductance) If mutual inductance is involved, the total se- 
ries inductance will be different from the simple sum. If the mag- 
netic fields of the two coils add, the total inductance will be 


. Lr=L, +1, +2L,,) If the two magnetic fields oppose each other, the 
total inductance will be : 


. (Lr =L; + L, - 2 Lm) If two inductors, L, and L2, are connected in 
parallel, the total inductance is Lr 


; GE I ) Again, this assumes that no mutual inductance exists. The 
1 2 


term is used to describe the quality of an inductor. 


- (Q) Qis the ratio of the inductive reactance of a coil to its resistance. 
Expressed mathematically, this is 


. (Q= X, ) The Q of a 50-mH inductor at 75 kHz with a resistance of 
80 ohms is 


76. (294 X, = 6.28 fL = 6.28 (75000) (.05) = 23550 ohms. Q = Xı/R = 
23550/80 = 294.) The higher the Q, the better the coil. A coil with a Q of 
or more is considered to be a high Q coil. 





a ee 


RL Circuits 


The most commonly used inductive circuit is a series-connected resistor and in- 
ductor. This combination is called an RL circuit. Even a circuit that contains only 
an inductor is a series RL circuit due to the resistance of the inductor. In this 
section, you will analyze the operation and characteristics of a series RL circuit. 


Py 





Figure 4-14 
Aseries RL circuit. 


Series RL Circuits 


Figure 4-14 shows a resistor and inductor in series with an AC voltage source. 
The current flow in the circuit causes voltage drops to be produced across the 
inductor and the resistor. These voltages are proportional to the current in the 
circuit and the individual resistance and inductive reactance values. The resistor 
voltage Ep, and the inductor voltage, E,, expressed in terms of Ohm’s Law are: 


Er =IR 
Er = IX, 


For this discussion, assume that the inductor is a perfect inductance. That is, the 
inductor has no resistance. In this example, all of the resistance in the circuit is 
represented by the resistor R. 


Because this is an inductive circuit, the current flow in the circuit lags the applied 
voltage. In a purely resistive circuit the current and voltage are in phase. In a 
purely inductive circuit, the current lags the applied voltage by 90°. In a series 
RL circuit, the current lags the applied voltage by some phase angle between 0° 
and 90°. The amount of phase shift is a function of the values of the resistor and 
the inductive reactance. 


As in any series electrical circuit, the sum of the voltage drops across the various 
elements in the circuit equals the applied voltage. In a circuit which contains a 
reactive component, such as an inductor, the sum of the voltages must be a vector 
sum due to the phase shift in the circuit. 
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Vector Diagrams 


As in a series RC circuit, you can use a vector diagram to show the relationship 
between the current and voltages in a series RL circuit. The vectors represent 
voltage and current amplitudes in the circuit. The directions of the vectors indi- 
cate the phase relationships. 


Figure 4-15 shows a vector diagram of a series RL circuit. The reference vector 
is labeled I and represents the currents in the circuit. Current is common to all 
circuit elements in a series circuit. The voltage across the resistor is in phase with 
the current flowing through it. Therefore, the resistor voltage vector, Ep coin- 
cides with the current vector as shown. 


EL 





ER 





Figure 4-15 
Vector diagram of a 
series RL circuit. 


The voltage across the inductor leads the current by 90°. In other words, the 
circuit current lags the voltage across the inductor by 90°. Therefore, the induc- 


tive voltage vector, Ez, is shown 90° out of phase (leading) with the current 
vector. 


Recall that you assume that each of the vectors in the diagram rotates in the 
counterclockwise direction around the origin. The rotation of the vectors repre- 
sents the variations of voltages and currents, in a sinusoidal manner, for a given 
period of time. One complete rotation represents one AC cycle. With the coun- 
terclockwise direction of rotation, you can see that the inductor voltage is ahead 
of (leading) the current vector. Another way to look at this is that the current 
vector lags the inductive voltage vector by 90°. 


The applied voltage is the vector sum of the resistor and inductor voltages. To 
find this vector sum, use the resistor voltages as one side and the inductor volt- 
ages as the other side to form a right triangle. The applied voltage, E, is the i 
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hypotenuse. Note that the applied voltage leads the current by an angle that is 
between 0° and 90°. Since you know the resistor and inductor voltages, you can 
solve for the hypotenuse of the right triangle to find the applied voltage. You can 
do this with the Pythagorean Theorem. The formula for the applied voltage is: 


E =y (Ep + ED? 


When you rearrange the above formula, you can compute either the resistor or 
inductor voltages if you know the applied voltage and the remaining voltage. 
These formulas are: 


Eg =v (E) - (E,)” 
E =VŒE -Er 


The following examples show you how to use these formulas. 


1. Ina series RL circuit, the resistor voltage is 15 volts and the inductor volt- 
age is 18 volts. What is the applied voltage? 


E = y (Ep) + ŒD” 

E = /(15) + (187 
E=V25 73 

E = V549 = 23.43 volts 


2. The AC voltage applied to a series RL circuit is 80 volts. The resistor volt- 
age drop is 32 volts. What is the inductor’s voltage? 


EL = VŒ- Er 
E, = V (80) - (327 
E, = 16400 — 1024 


E, = 5376 = 73.32 volts 
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Impedance 


The impedance of an RL circuit is the total opposition to current flow that is 
offered by both the resistor and the inductor. The applied voltage and total circuit 
current determine the circuit’s impedance. According to Ohm’s Law: 


Z= 


|t 


Impedance is a function of the resistance and the inductive reactance and you 
can calculate it with the formula: 


Z= R+ XY 


The impedance of a series RL circuit is the square root of the sum of the squares 
of the resistance and the inductive reactance. Impedance, like resistance and in- 
ductive reactance, is expressed in ohms. You can rearrange the basic formula to 
solve for the resistance or the reactance in terms of the other two factors. 


R= V0 -0V 
X= VZ -RY 


You should recognize that the basic impedance formula is the Pythagorean Theo- 
rem. Therefore you can use the sides of a right triangle to represent the resis- 
tance, inductive reactance, and total impedances. This is illustrated in Figure 
4-16. 


Figure 4-16 
Impedance triangle 
of a series RL circuit. 


This vector diagram is similar to the voltage vector diagram that you encoun- 
tered earlier. Since the resistor and inductor voltages are directly proportional to 
the value of the resistor and the inductor’s inductive reactance, the impedance 
and voltage vector diagrams are proportional. The angle between the impedance 
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and the resistance is the phase angle of the circuit. It indicates the amount the 
circuit current lags the applied voltage. The following examples show you how 
to use the impedance formulas. 


1. What is the impedance of a 1.5-henry choke with 200 ohms of resistance at 
60 Hz? 


X, =6.28 fL 


X, = 6.28 (60) (1.5) = 565.2 ohms 
Z=y R+ XV 
Z = V (200) (565.2)? 


Z = v40000+ 319451 


Z = ¥359451 = 599.5 ohms or approximately 600 ohms 


2. Inaseries RL circuit, the resistor voltage is 20 volts and the applied voltage 


f ro is 32 volts at 400 Hz. The resistance is 1000 ohms. What is the inductance 
' of the coil? 
_Erk_ 20 _ 
I= R = 10007 .02 amperes 
= E32. | 
Z= 17027 1600 ohms 


X, =v (Z)- (RY 
X, =y (1600)? — (1000) 
X, =v256000 — 1000000 


X, =v 1560000 = 1249 ohms 


If X, = 6.28 fL: 





D1249 _ 1249 _ 
L= $38 (400) ~ 2512 - 26H 
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Phase Shift 


The phase shift in a series RL circuit is some value between 0° and 90°. The 
actual value of the phase shift is a function of the resistance and inductive reac- 
tance. The phase angle is illustrated in Figure 4-15 and 4-16. The phase shift in a 
series RL circuit is a function of the tangent in the voltage and impedance tri- 
angles. The tangent is the ratio of the opposite side divided by the adjacent side. 
In Figure 4-16, the tangent is the ratio of the inductive reactance (opposite side), 
to the resistance (adjacent side). Expressed mathematically this is: 


tan 0 =% 


Since current is the same in both the resistor and the inductor, the voltages dropped 
across them are directly proportional to the resistance and reactance values. There- 
fore, you can use the inductor and resistor voltages to determine the tangent of 
the phase angle. This is expressed mathematically as: 


To find the phase shift in a series RL circuit, determine the resistance and reac- 
tance values, or the resistor and inductor voltage drops. Compute the ratio of the 
inductive reactance to the resistance. Look that value up in a table of trigonomet- 
ric functions. The function tables are located in Appendix C at the end of Unit 3. 
Look up the numerical value of the ratio in the Tangent column, and locate the 
closest angle that corresponds to the value in the Degrees column. 


An important point to remember is that the tangent of 45° is equal to one. Many 
times in electronics it is desirable to make the resistive and reactive values equal. 
The value of both the sine and cosine at an angle of 45° is equal to .707. 


The following example demonstrates how to compute phase angle. What is the 
phase shift that is produced by a 1.5 henry choke with a resistance of 200 ohms, 
at a frequency of 60 Hz? 


X, = 6.28fL = 6.28 (60) (1.5) = 565.2 ohms 


-X 
tn0= F 

- 565.2 
tan @ = 295 


tan 6 = 2.826 
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From Appendix C, the tangent of 70° = 2.748 and the tan of 71° = 2.904. There- 
fore the angle that corresponds to a tangent of 2.826 is between 70° and 71°, or 
about 70.5°. 





Power in an Inductive Circuit 


The only power that is actually dissipated in a series RL circuit is the power 
dissipated by the resistance. To compute true power dissipation, you can use any 
of the three standard power formulas: 


_E 
P=R 


The inductor, like the capacitor, is a reactive component that does not dissipate 

power in its pure form. The inductor alternately stores energy in the form of a 

magnetic field and then releases it. During one half cycle of AC operation, stor- 

“a age of electrical energy occurs in the magnetic field that is built around the in- 
i ductor. When the magnetic field collapses, it induces a voltage into the inductor. 
This self-induced voltage then acts as a source that provides energy to the circuit. 

The consumption and release of energy cancel each other which makes the total 

average power that is dissipated by the inductive reactance zero. Figure 4-17 

shows the current, voltage, and power relationships in a purely-inductive circuit. 


POWER CONSUMED BY 
THE INDUCTOR 





—— — ZERO 


POWER RETURNED TO THE 
CIRCUIT BY THE INDUCTOR 


a Figure 4-17 


Power dissipation 
in a pure inductance. 
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Unlike a capacitor, however, an inductor has resistance. For that reason, an in- 
ductor actually dissipates some power. It is the resistive portion of the inductor 
that causes the power to be dissipated. This is called true power. Figure 4-18 
shows the current, voltage, and power curves of a series RL circuit where the 
phase angle is 45°. The power curve, above the zero line, represents the power 
that is dissipated in the resistance (true power) and the power that is consumed 
by the inductance. The power curve below the zero line is the power that the 
inductance returns to the circuit. 






AVERAGE 
__. _(TRUE) POWER 


ee ee ee ee oe 





VOLT/AMPS REACTIVE, VARS 


WATTS, W 


Figure 4-18 
Power dissipation in a series RL 
circuit with a 45° phase shift. 


Figure 4-18B shows a power vector diagram for a series RL circuit. True power, 
the power that is actually dissipated by the resistive portion of the circuit, is 
given in watts and is shown as the adjacent side of angle theta. 


The volt/amps reactive is the power in the inductive portion of the circuit that the 
inductor both produces and uses. This power is shown in Figure 4-18A as the 
power below the zero line. In Figure 4-18B, this value is shown as the side oppo- 
site angle theta. 


The vector sum of true power in watts and the volt/amps reactive is the apparent 
power that is measured in volts/amps. The apparent power is indicated as the 
hypotenuse of the power triangle. 
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Voltage, Impedance, and Power Relationships in RL Circuits 


When you studied RC parallel circuits, you learned that there is a relationship 
between the voltage, impedance. and power vector diagrams. The same relation- 
ship holds true for vector diagrams of RL circuits. This is illustrated in Figure 
4-19. 
















E applied= I xZ 


l 
Ex 71 x x z E applied ( 
I | 
E 
ak l= E applied | 
aL ae 6 | 
Ex P=IxE applied! 
l= _t P 242 xZ I 
x 
L e? i 
` applied | 
P=IxeE P= a l 





P=! xX) ERFIR Pz] xEp 
2 
E E 
Ea R=- ps 2xr 
I 
L 
E 2 
I= R pF 
R R 
Figure 4-19 


Although it is shown as only one triangle, the sides of this triangle actually repre- 
sent three different triangles. The three triangles represent voltage, impedance, 
and power. The mathematical relationship that unites these three triangles into 
one is Ohm’s Law. Ohm’s Law, and its variations, apply to the sides of the tri- 
angles. For example, if you know the circuit current and the resistance of the 
circuit, you can determine the voltage drop across the resistance with the for- 
mula: 


Ep =IxR 
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You can find the applied voltage in the same way with this variation of Ohm’s 
Law: 


E,=IxZ 

You can use Ohm’s Law to find any quantity on any side of this triangle. 
In addition, the phase shift that you determined with quantities from any of the 
triangles, applies to all of the triangles. All three triangles relate to the same 
circuit. Therefore, the phase shift that is indicated by all three triangles must be 
the same. Following is a problem that demonstrates these concepts. 
Draw a vector diagram for a circuit with a resistance of 40 ohms, an inductive 
reactance of 30 ohms, and a circuit current of .1 amperes. The phase angle of the 
circuit is about 37°. 
With the information you are given, you can quickly determine the voltage drop 
across the inductive reactance and resistance in the circuit. Just apply Ohm’s 
Law like this: 

Ep = .1A Xx 40 ohms or 4 volts 
and 


Ex, = -1A x 30 ohms = 3 volts. 


Once you have calculated these two voltages, use the Pythagorean Theorem to 
determine the applied voltage: 


Eppliea = V 4V* + 3V? =5V 


You can now find the circuit impedance with the Ohm’s Law derivation: 


z = Eames _ SV _ 59 ohms 





I AA 
Now, you can apply the power formulas and you can determine the three sides of 
the power vector diagram: 
P=IxER 
P=.1Ax4V 


P=4W 


and: 
P=Ix Ex 
P=.1Ax3V 
P=.3 VARS 
and: 
P=IxE, 
P=.1Ax5V 
P=.5 VA 


As you can see, once you have solved the vector diagram for any one triangle, it 
is a simple matter to apply Ohm’s Law to determine all of the other quantities that 
are necessary to analyze the circuit. 


Parallel RL Circuits 


Another type of inductive circuit is the parallel RL circuit. A basic RL circuit is 
shown in Figure 4-20. Notice that this circuit is no more than a coil and a resistor 
that are connected in parallel. Although the coil itself has some internal resis- 
tance, this resistance is ignored in the following discussion. 


Figure 4-20 


As you should recall from your study of DC electronics, in a parallel circuit the 
source or applied voltage is dropped across each of the branches of the circuit. In 
addition, in a parallel circuit, the resistance of the entire circuit is always less 
than the resistance of the smallest branch in the circuit. These are important points 
when you analyze a parallel RL circuit. Here’s why. 


First, since the voltage across each of the branches is equal to the source voltage, 
you use voltage as the reference when you construct a vector diagram for parallel 
RL circuits. Although the voltage across each branch is the same, the current 
through each branch varies according to the amount of opposition to current flow 
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in that branch. Also, current through the inductive branch lags the current through 
the resistive branch. The inductive current lags by an angle of less than 90°. 
Figure 4-21 shows a typical vector diagram for a parallel RL circuit. 


Figure 4-21 


Because the impedance of a parallel circuit is always less than either the resis- 
tance or the inductive reactance of the circuit, it is not possible to construct an 
impedance triangle, unless you use the reciprocal values for resistance, induc- 
tive reactance, and impedance. Here’s an example: 


Assume that you have an RL circuit where the resistance is 50 ohms and the ` 


inductive reactance is 50 ohms. To determine the impedance of the circuit, you 
can use the Pythagorean Theorem. Remember to use reciprocal values like this: 


E S 


5 =V.02" +027 
Z = 35.35 ohms 


The impedance vector diagram is shown in Figure 4-22. 





Figure 4-22 
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You can also find impedance in a parallel RL circuit with a variation of the prod- 
uct over the sum formula. The impedance equation is: 


Rx xX, 


JR? +X" 


You may recognize this formula from the preceding unit. In fact, everything you 
learned so far for the RL parallel circuit is a repetition of the formulas that were 
presented for the RC parallel circuits. This is because the mathematical theory is 
identical. The difference between parallel RC and parallel RL circuits is that, in 
an RC circuit the current leads the voltage while in an RL circuit the current lags 
the voltage. All Ohm’s Law and vector diagram relationships that apply to RC 
circuits also apply to the RL circuits. With this in mind, if you have any further 
questions in regard to RL parallel circuits, simply refer to the section on RC 
parallel circuits in Unit 3. 


Z= 


You may find it easier to solve for individual branch currents and plot the vector 
relationships in the form of current vectors. The important thing to remember is 
that you use current as the reference in series circuits. In addition, you use volt- 
age as the reference in parallel circuits. The important point is that you always 
use the values that are constant as the reference. 
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Programmed Review 


78. When current flows in a series RL circuit, voltage drops are devel- 
oped across the resistance and the inductance. These voltage drops 
can be computed with Law. 


. (Ohm's) If you know the current (1), the resistance (R) and inductive 
reactance (X, ), you can compute the resistor voltage (E,) and induc- 
tor voltage (EL) with the expressions and 


. (ER = IR, E, = IX,) As in any series circuit, the sum of the voltage 
drops is equal to the applied voltage (E). However, this is not a direct 
sum. Instead it is a sum. 


. (vector) The current and resistor voltage are in phase, but the current 
and inductor voltage are 90° out of phase. Because of this phase shift, 
you cannot add the two voltages directly. You must use the vector 
sum. You do this with Pythagorean’s theorem. The applied voltage is 


. (E=\ (ER) + (E,)* ) If the resistor voltage is 9 volts and the inductor 
voltage is 12 volts, the applied voltage is volts. 


. (E=V9* + 12° = /81 + I4 = V225 = 15 volts ) The total opposition to 
current flow in an RL circuit is called 


. (impedance) The impedance is a function of the 


. (resistance, inductive reactance) These factors are related by the for- 
mula 


. (Z=\/R?+ X,” ) What is the impedance of a 250-mh choke with a 
resistance of 385 ohms at 2 kHz? Z = ohms. 
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87. [3163.5 250 mH = .25 H, 2 kHz = 2000 Hz X, = 6.28 fL = 6.28 


(2000) (.25) = 3140 ohms Z=/R?+X,2 = V3857+31407 
Z = ¥148225 + 9859600 = Z= 10007825 =3163.5 ohms.] If 6 volts 
AC is applied to this choke the current is amperes. 


. (0019 I= p = z5 = .00189 or .0019 amperes) The total circuit 


current is a function of the applied voltage (E) and the circuit current 
(I) as expressed by Ohm’s Law: 


-E 
t7 


Therefore, you can express the total circuit impedance in terms of the 
current and applied voltage. Z = 


. (Z= È) The phase shift in a series RL circuit is a function of the 


and 


. (resistance, inductive reactance) In a purely resistive circuit, the phase 
angle between the current and applied voltage is 


. (0°) In a purely inductive circuit, the current and applied voltage are 
out of phase. 


. (90°) In an RL circuit, the phase angle is between 


. (0°, 90°) As the resistance increases relative to the inductive reactance, 
the phase shift 


. (decreases or approaches 0°) When the inductive reactance increases 
relative to the resistance, the phase shift approaches 
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95. (90°) In an inductive circuit the current the applied volt- 
age. 


. (lags) You can compute the phase angle @ in a series RL circuit with 
the formula tan 6 = 


3 Š% ) What is the phase shift that is produced by the choke described 
in frame 86? 0 = . (Use Appendix C in Unit 3.) 


(83° tan 0 = X, = 3 = 8.16 , 8 equals approximately 83°). The 


power that is dissipation in an inductive circuit occurs in the 
part of the circuit. 


. (resistive) Power is dissipated only in the resistance. This is called the 
power. 


100. (true) You can use any of the standard power formulas to compute the 
dissipation. What power is dissipated in the choke described in frames 
86, 87, and 88? P= watts. 


101. [.001386 P = IR = (.0019)” 385 = .001386 watts or 1.386 milliwatts] 
In a pure inductance the power dissipation is 


102. (zero) 
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EXPERIMENT 6 


RL Circuits 


OBJECTIVES: To describe how an induced voltage and current can affect a 
neon lamp. 


To construct a series RL circuit. 


To compare the calculations of a series RL circuit with mea- 
sured values and determine the impedance of the circuit. 


To verify that when you change the inductance of a coil, by 
moving it’s core, the voltage dropped across the coil will 
change. 


To observe a Lissajous pattern, and use this information and 
Trigonometric functions to identify an AC phase angle. 


Materials Required 


Heathkit Analog Trainer 

Oscilloscope 

AC voltmeter 

1—Variable inductor (#45-610) 

2—1 kQ, 1/2-watt resistor (brown-black-red) 
1—Neon lamp 

1—Alignment tool 

2—2" lengths of #22 hookup wire 


4-58 | unit Four 


Procedure 


1. Cut two 2-inch lengths of #22 hookup wire. Strip 3/8 inch insulation from 
each end of each wire. Solder one end of each wire to the two terminals on 
the variable inductor, #45-610 as shown in Figure 4-23. 


The variable inductor has a movable ferrite core. You can see this core if 
you look into the open end of the inductor. The core has a hex (6-sided) 
hole in the center and is threaded so that, as you turn it, moves within the 
coil. You can change its position with respect to the coil winding, which 
changes the inductance of the coil. Later, you will use a plastic alignment 
tool to adjust the core. You can insert the hex-shaped end of the alignment 
tool into either end of the inductor to make the adjustment. See Figure 
4-23. 


HEX ALIGNMENT TOOL 





VARIABLE INDUCTOR & 


SOLDER 


~ 
2" #22 WIRES 


Figure 4-23 
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VARIABLE 
INDUCTOR 
(#45-610) 


NEON LAMP 


Figure 4-24 


2. Construct the experimental circuit shown in Figure 4-24. Connect the vari- 
able inductor in parallel with the neon lamp on the breadboard of the Trainer. 
Then connect a DC voltage to the choke as indicated. The pictorial wiring 
diagram for this circuit is shown in Figure 4-25. Leave the lead coming 
from the GND output terminal of the power supply disconnected. You will 
use this lead as a switch to connect and disconnect the DC voltage from the 
choke. This circuit demonstrates the effect of DC on an inductor. The neon 
lamp provides a visual indication of this effect. 


3. Turn the + voltage control on the Trainer’s power supply to approximately 
7.5 volts. 


Vv 





NEON LAMP 


Rij > 


Figure 4-25 


4-60 | unit Four 


6. 


Connect the GND lead from the power supply to the lead of the neon lamp, 
or plug the wire into the breadboard socket. Note the effect this has on the 
neon lamp. (Do not leave this circuit connected for extended periods of 
time. The relatively high current through the inductor causes it to heat up 
when you leave it connected to the power supply.) 


Does the neon bulb light? 


Disconnect the GND power supply lead from the neon lamp. Again note 
the effect on the lamp. 


Does the lamp light when you remove the lead? 
Alternately connect and disconnect the GND lead to repeat this procedure. 


Note the effect on the lamp when the voltage is applied and when it is 
disconnected. 


Note: It takes approximately 67 volts to cause the neon lamp to light. 
Based upon this fact, how do you account for the result you noted in 


the previous steps with the power supply voltage you used? 





Adjust the power supply output voltage to 15 volts. Then repeat steps 3 and 
4 while you note the effect on the neon lamp as you connect and disconnect 
the voltage from the circuit. 


Discussion 


When you apply the DC voltage to the variable inductor, a current begins to flow 
as indicated in Figure 4-26A. As you know, when current flows through an in- 
ductor, it creates a magnetic field. This magnetic field expands outward from the 
inductor until the current becomes maximum through the circuit. While the mag- 
netic field expands, it induces a counter emf in the inductor. 





Figure 4-26 
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Current does not flow through the neon lamp at this time because the applied 
voltage is not great enough to operate the lamp. Remember, this lamp requires an 
operating voltage of 67 volts. 





When you remove the ground to disconnect the circuit from the power supply, 
the lamp lights momentarily. This occurs because the magnetic field around the 
conductor collapses very rapidly. This rapid collapse of the field induces a high 
voltage in the inductor. Since this voltage is applied to the neon lamp, it causes 
current to flow through the lamp momentarily. This is shown in Figure 4-26B. 


Now, when you increase the voltage and reconnect the circuit, an even greater 
magnetic field expands around the inductor. When you disconnect the circuit, 
you again cause induced current to flow through the lamp; but this time the cur- 
rent is greater because the magnetic field collapses more. This results in a brighter 
blink of the light. 


This experiment demonstrates graphically that a voltage is induced in a conduc- 
tor by relative movement of a magnetic field across an inductor. In addition, it 
shows that current continues to flow in an inductive circuit for a short time after 
you remove the applied voltage from the circuit. 


C Procedure (continued) 


7. Construct the circuit as shown in Figure 4-27A. Here, you connect two 
1 k ohm resistors in series with the variable inductor. Connect this series RL 
combination to the GENERATOR section on the Trainer. The actual wiring 
for this circuit is shown in Figure 4-28A on the next page. You will use this 
circuit to demonstrate a method to measure the inductance of the circuit. 


A B 


1kQ 










GENERATOR GENERATOR 


ER 
EL 


Figure 4-27 
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Be sure the RANGE switch is in the LOW position. 


Adjust the FREQ control so the output from the generator is 2000 Hz. You 
can use the mark that you put on the front panel of the Trainer during Ex- 
periment 4 for this adjustment. 





Figure 4-28 


10. Turn on your Trainer. Use an AC voltmeter to measure the voltage that is 


11. 


applied to the circuit. This is the voltage between the SINE and GND ter- 
minals on the Trainer. Record this value below. 


Applied voltage = volts. 


Use your AC voltmeter to measure the voltage across the inductor. Record 
this voltage below: 


E = volts 
Now, turn off the Trainer and interchange the leads from the generator so 


that you have the circuit shown in Figure 4-27B. Figure 4-28B shows a 
pictorial of this circuit. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 
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Turn the Trainer on and measure the voltage drop across the two resistors. 
Record the resistor voltage below: 


E, =___ volts 


Use the voltages that you measured in the previous steps to construct a 
vector diagram that shows the relationship between these voltages. 


Use the resistor voltage drop and the resistor value to compute the current 
flow in the circuit. 


I= amperes 


Use the current and inductive voltage values to compute the inductive reac- 
tance of the choke. 


X, = ohms 
Compute the total circuit impedance and record this value below. 
Z= ohms 


Use the reactance and the frequency of operation to compute the circuit 
inductance. Record the value of inductance below. 


L= henry 
Compute the circuit phase shift. Record the value of theta (0) below. 
0= degrees 
Turn off the power and disconnect the variable indicator from the circuit. 
Use your Ohmmeter to check the DC resistance of the inductor. Record this 
value of resistance below. 


R = ohms 


Use the value of inductive reactance you computed in step 14 to calculate 
the Q of the inductor. Record this value below. 


Q= 
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Discussion 


NOTE: All of the values that are indicated in the following discussion are “typi- 
cal” values. Your results may vary significantly from those that are presented in 
the text. There are a number of reasons for this that will be explained. 


In this portion of the experiment, you demonstrated a method to determine the 
inductance of an RL circuit. An inductor with an unknown value is connected in 
series with a resistor. In this case, the resistor is actually two 1000 ohm resistors 
in series. This circuit is connected to an AC voltage source. 


First, you measured the output voltage from the GENERATOR on the Trainer. 
Depending upon the Trainer model you use, this can cover a wide range of val- 
ues. This discussion uses a nominal value of 4.3 volts at 2000 Hz. 


Next, you measured the voltage drop across the inductor and resistor in the cir- 
cuit. Because you used a variable inductor in the experiment, the voltage drop 
across the inductor can vary depending upon the position of the core. For that 
reason, this discussion assumes a typical voltage drop of 2 volts. The voltage 
drop across the resistive portion of the circuit can also vary; however, a typical 
value is 3.8 volts. The voltage vector diagram for this circuit is shown in Figure 


4-29. " 





Figure 4-29 


You use Ohm’s Law to calculate the circuit current: 


-Er 3.8 _ 
T= ° = 5009 = 0019 A or 1.9 mA 


Now, you use the circuit current along with the voltage drop across the inductor 
to determine inductive reactance. The inductive reactance is: 


X, = Pt = 2 = 1052.6 ohms 


Inductive Circuits 4-65 


You use Ohm’s Law to determine the circuit impedance. It is: 


_E_ 43 _ 
Z= I = 9010 = 2263 ohms 


Since you know that the frequency of the applied voltage is 2000 Hz and the 
inductive reactance is 1000 ohms, you use a variation of the formula: 


X, = 2nfL 


to determine the inductance of the circuit. The inductance is: 


_ Xi _ 1052.6 _ 
L = 5 = 15560, = 0838 H or about 84 mH 





The rated inductance of the variable inductor can range from 50 mH to 120 mH, 
depending upon the position of the movable core. However, at lower frequen- 
cies, this inductance appears to be lower due to certain electrical characteristics. 
As you know, an iron core increases the inductance of the coil. The position of 
this core effects the inductance of the coil. You will learn more about this later in 
this experiment. 


An important point to consider here is that the coil is not a perfect inductor. When 
you measure the voltage across the inductor, you are actually measuring the volt- 
age drop across the inductive reactance as well as the internal resistance of the 
coil. 


The resistance of the coil itself is in series with the inductive reactance of the 
coil. If you wanted to, you could draw a vector diagram for the coil because the 
coil has both a resistive and reactive component. 


For the measurement procedure given here, you can consider the resistance of 
the coil to be negligible if the external resistance value is approximately 10 times 
greater than the resistance of the coil. The resistance of the variable inductor is 
about 170 ohms. Since this experiment uses an external resistance of 2000 ohms, 
the resistance of the coil is neglected in the computations. This resistance, how- 
ever, combined with the inductive reactance of the coil, gives you a value of 
inductance that is slightly greater than the actual value of inductance. 


In step 19, you determined the Q of the coil. Since the inductance of the coil is 
variable, the Q will also vary. Given the values you were already presented, how- 
ever, the Q for the coil is: 


Q=% = 10526 -6.19 


TR 
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Procedure (continued) 


20. 


21. 


22. 


23. 


Construct the circuit shown in Figure 4-30. Again, the sine wave generator 
on the Trainer is used as a signal source. You will use this circuit to deter- 
mine the maximum and minimum values of inductance for the inductor. In 
addition, you will demonstrate how inductive reactance varies with changes 
of inductance and frequency. 


SINE 






GENERATOR (2 kHz) 


VARIABLE 


R 
GND INDUCTO 


Figure 4-30 


Make sure that the RANGE switch on the Trainer is set to the LOW posi- 
tion and that the FREQ dial is set to the 2000 Hz position you marked on 
the front panel. Turn the Trainer on. 


Connect your voltmeter across the inductor so that you can measure the 
voltage drop across the inductor. Now, use the plastic hex alignment tool to 
adjust the variable inductor. Turn the core first in one direction and then in 
the other. Adjust the core for maximum voltage drop across the inductor 
and record this voltage below: 


Emax) = ————— 


Next, interchange the leads from the generator so that the circuit configura- 
tion appears like the one in Figure 4-31. Measure the voltage across the 
resistor and record it in the space provided below: 


volts 


volts 


Ekin) = — 


24. 


25. 


26. 


27. 


28. 


SINE 






GENERATOR (2 kH2) 


ER 


Figure 4-31 


Use the voltage values measured above and the other circuit values shown 
in Figure 4-30 to compute the inductance of this coil and record it below. 


L= henrys 


Again, while the voltmeter is connected across the 1000 ohm resistor, ad- 
just the variable inductor for maximum voltage indication on the voltmeter. 
Record the voltage across the resistor below. 


Ek = volts 


Interchange the leads and measure the voltage across the inductor. 
Ẹ = volts 


Use these voltage values along with the other known circuit values shown 
in Figure 4-30 to compute the inductance of the coil and record it below. 


L= henrys 


While your voltmeter is connected across the inductor, use the hex align- 
ment tool to adjust the coil core. Adjust the core to move it down toward the 
bottom of the coil where the connection terminals are. Observe the voltage 
as you make the adjustment. Next, adjust the coil in the opposite direction 
so that the core passes up through the coil and then toward the top near the 
metal mounting tabs. Observe the voltage with respect to the position of the 
core. Then complete the following statement. As you move the core out of 
the coil, the voltage across the coil 


decreased or increased? 


therefore, the inductance has 


decreased or increased? 
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29 Move the RANGE switch to the HIGH position and turn it to the 2 kHz 
position. 


30. Again observe the voltage across the coil. Adjust the core in the coil for a 
maximum voltage across the inductor. Then, observe the resistor voltage 
while you rotate the generator frequency dial in the clockwise direction to 
the 20 kHz position. Complete the following statements. As the generator 
frequency is increases, the voltage across the coil 

decreases or increase? 


The increase in frequency causes a/an in inductive re- 
actance. decrease or increase? 


Discussion 


In this part of the experiment, you used the same procedure that was described in 
the earlier part of this experiment to measure the inductance of the variable in- 
ductor. You first adjusted the inductor to its maximum inductance value. To do 
this you observed the voltage across the inductor and adjusted the inductor for a 
maximum voltage indication. A maximum voltage means minimum circuit cur- 
rent or maximum opposition to current flow. This means that you adjusted the 
inductor to its maximum inductance value which gave a maximum inductive 
reactance and resulted in minimum current flow in the circuit. 


Next you measured the resistor and coil voltages. These voltage values depend 
upon the exact output voltage from the generator in your Trainer. Typical values 
are 2.6 volts across the resistor and 3.0 volts across the inductor. 


You then used the values to calculated the inductance of the circuit. To this, you 
first used the resistor voltage and the value of resistance to compute the total 
current flow. 


I= Fr = BS = .0026 amperes 


Next, you used the value of current you computed above and the inductor volt- 
age to computed the inductive reactance. 


_E,_ 3.0 _ 
X, = T= 00267 1153.8 ohms 


You then computed the inductance since you know the frequency of operation, 2 
kHz, and the inductive reactance. 





-X -11538 _ 
L= 528 7 628 Q000) 7 0919 Hor92 mH 


In step 25, you adjusted the inductor for maximum voltage indication across the 
resistor. At this point, the inductive reactance is minimum. A typical voltage value 
for the inductor at this point is 0.8 volts, while the drop across the resistor is 3.2 
volts. 


You can use these values to calculate circuit current as: 


=-3:2_ = 0032 A 


1= R = 7000 


Ale 


You can now use this current to calculate the inductive reactance. The formula 
looks like this: 


Bs 82s a. 
xX, = T = 0032 = 250 ohms 


Now, you can determine the minimum inductance of the coil as: 


SA te On 
= Saf = 6B (2000) = 0199 Hor 19.9 mH 


L 
This variation between the rated values of 50 mh to 120 mh and the actual maxi- 
mum and minimum you calculated is caused by certain electrical characteristics 
of the inductor. The maximum and minimum rated values for the inductor were 
calculated at much higher frequencies. At the lower frequencies, such as the 2000 
Hz in this experiment, the inductance of the inductor appears to be significantly 
less. The reason for this phenomena will be explained when you study with reso- 
nant circuits. At this time, it is only necessary to realize that this occurs in induc- 
tive circuits. 


Next, you varied the inductance and the frequency of operation and noted the 
affect upon the reactance. To do this, you observed the voltage across the coil 
which is directly proportional to the current in the circuit. The current, of course, 
is inversely proportional to the reactance. 


As you varied the inductance, you should have found that the current increased 
as the inductance decreased. In the earlier part of the experiment, you adjusted 
the coil for maximum inductance. This occurred when the core is approximately 
centered on the coil winding. As you moved the core out of the coil winding in 
either direction, you should have noted an increase in the voltage across the resis- 
tor. This means that the current in the circuit increased due to a decrease in induc- 
tance. When you moved the core further out of the coil, you reduced the induc- 
tance and the inductive reactance and therefore minimized the opposition to cur- 
rent flow. 
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Next, you varied the frequency of the applied voltage. You should have found 
that as you increased the frequency, the voltage across the coil increased. When 
the frequency increases, the inductive reactance also increases. This increases 
the total opposition to current flow, thereby decreases the current and the voltage 
across the resistor. 


Procedure (continued) 


31. Ifyou have not done so, use the procedure you learned in steps 1 through 
13 in Experiment 2 to setup your oscilloscope. 


32. Adjust the Trainer Generator section for a sine wave with a frequency of 2 
kHz. Use your oscilloscope to observe the sine wave as you adjust the fre- 
quency. 


33. Switch the Trainer off and construct the circuit shown in Figure 4-32. Note 
that the probe that is connected between the inductor and resistor in the 
circuit is attached to the Channel B input of the scope. 





Figure 4-32 


34. Select the X-Y mode of operation on your oscilloscope. 


As in Experiment 3, you use the Channel B input in place of the normal 
scope time base so you can observe Lissajous patterns on the display. 


35. Select the highest VOLTS/DIV range position on the scope’s vertical input. 


36. Center the 1 kilohm pot on the Trainer and switch the Trainer on. 











37. 


38. 


39. 


40. 


41. 


42. 


43. 


Connect your AC voltmeter across the 1 kilohm resistor and adjust the in- 
ductor for minimum voltage across the resistor. Disconnect the voltmeter. 


Use the vertical and horizontal position controls on the scope to center the 
Lissajous pattern in the display. 


Adjust the 1 kilohm pot on the Trainer, and the Channel A vertical input 
VOLTS/DIV range switch and its VARIABLE control on the scope to ad- 
just the size and angle of the pattern until it is 6 cm wide and 6 cm high, as 
shown in Figure 4-33A. 


Make sure the waveform is still centered when you are done adjusting the 
size and angle of the Lissajous pattern. 


AX TT g AA a} 
6 cm T 1 
aN 
l 
l 
l 
ja—6 cm—ef 
A B 
Figure 4-33 
Count the number of minor divisions for measurement X as shown in Fig- 
ure 4-33B. 
X= divisions 


Now, count the number of minor divisions between points A and B, as shown 
in Figure 4-33B. 


AB = divisions. 
Calculate the sine of the phase angle: 


sine 0 = AB 


Sine 0 = 
Find the phase angle in the table in Appendix C of Unit 3. 


Phase angle = degrees 
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45. 


46. 


47. 


48. 


49. 


50. 


51. 


With your AC voltmeter, measure the voltage drop across the 1 kilohm 
resistor. 


Resistor voltage = 
Switch the Trainer off and interchange the positions of the inductor and 1 
kilohm resistor in the circuit. Then, switch the Trainer on and use your AC 
voltmeter to measure the voltage across the inductor. 


Inductor voltage = 


Use the voltage you recorded in steps 44 and 45 to calculate the phase angle 
of the circuit. 


-0_E 
tan 0 = =E 


> 


Phase angle = degrees 
Use the alignment tool to rotate the core of the inductor counterclockwise 
until it is even with the end of the coil form (tube). This eliminates the 
core’s effect on the coil. 
With your AC voltmeter, measure the voltage across the inductor. 

Inductor voltage = 

Switch the Trainer off and interchange the positions of the inductor and 1 
kilohm resistor in the circuit. Then, switch the Trainer on and use your AC 
voltmeter to measure the voltage across the resistor. 


Resistor voltage = 


Use the voltages you recorded in steps 48 and 49 to calculate the phase 
angle of the circuit. 


Phase angle = degrees 
Readjust your Lissajous pattern until it is again 6 cm high, 6 cm wide, and 
centered on the display. Count the number of minor divisions for measure- 


ment X, and between points A and B, as shown in Figure 4-33B. 


X= divisions 
AB = divisions 
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52. Use the data in step 51 to calculate the phase angle of the circuit. 
Phase angle = degrees 


53. Slowly turn the Trainer Generator frequency control counterclockwise until 
the frequency is approximately 200 Hz. As you reduce the frequency, watch 
the Lissajous pattern. Pay particular attention to the change in relationship 
between the X and AB measurement. 


54. Readjust your Lissajous pattern until it is again 6 cm high, 6 cm wide, and 
centered on the display. Count the number of minor divisions for measure- 
ment X, and between points A and B, as shown in Figure 4-33B. 


X= divisions 
AB = divisions 


55. Use the data in step 54 to calculate the phase angle of the circuit. 
Phase angle = degrees. 


56. Switch the Trainer off and remove the circuit components from the Trainer. 


Discussion 


At the start of this procedure, you adjusted the inductive reactance in the circuit 
to its maximum value. You then used the Lissajous pattern to calculate the sine of 
the phase angle. Your pattern should have given you an answer similar to this: 


ine 0 = AB = 22 — 
sine 0 = xX 7307 0.733 
Refer to Appendix C in Unit 3 and you find the sine of a 47° angle is approxi- 
mately 0.733. 


To verify your answer, you then used the voltage drops across the inductor and 
the resistor to calculate the phase angle. Your calculations should have given you 
an answer similar to this: 


tan =O =F =34V 21.21 


Ek 28V 


Although your voltage drops may not match those given above, the ratio should 
be similar. Refer to Appendix C and you find the tangent of 50° is approximately 
1.21. As you can see, there is a difference of approximately 3° between the phase 
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angle you calculated with the Lissajous pattern and the phase angle you calcu- 
lated with the circuit voltage drops. You should have had similar results. Natu- 
rally, the voltage drop calculations should give you a more accurate phase angle 
than with the Lissajous pattern, however, the Lissajous measurements are suit- 
able for estimating the phase angle. 


After you turned the inductor’s core to the end of the coil form, the coil’s induc- 
tance reduced to minimum. Remember, the permeability of air is far less than 
that of the core. As a result, the inductance reduces when you remove the core 
from the center of the coil. You discovered this when you calculated the phase 
angle of the circuit with the voltage drops across the inductor and resistor. For 
example, 


This gives a phase angle of approximately 17°. 


The Lissajous pattern shows the phase angle to be: 


ne G = AB. 8 — 
sine 8 = X = 39 = 0.267 


This gives a phase angle of approximately 15°. Again, if you use the Lissajous 
pattern to estimate phase angle, you will obtain a reasonable approximation. 


In the last part of the experiment, you decreased the frequency of the applied 
signal. As you did this, you should have observed that the X measurement re- 
mained relatively constant, while the AB measurement gradually decreased. This 
happens because the inductive reactance of the coil decreased as the frequency 
decreased, but the circuit resistance changed only a small amount. 


You calculated a phase angle somewhere between 1° and 7°. This depends upon 
the reactive effect of your scope probes and the accuracy with which you read 
the Lissajous pattern. As you can see, it becomes increasingly difficult to mea- 
sure the AB difference when the phase angle approaches 0°. 
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APPLICATIONS OF INDUCTIVE CIRCUITS 


Inductive circuits, like capacitive circuits, are widely used in electronics. The 
reactive effect of an inductor in an AC circuit makes the inductor valuable in 
filter and phase shift applications. However, the inductor is less widely used than 
the capacitor in such applications. The reasons for this is that inductors are larger, 
heavier, and more expensive. They also come in a narrower range of standard 
values, and dissipate power. This makes an inductor far less valuable as a reac- 
tive component than a capacitor in AC circuits. 


The greatest advantage of an inductor in AC applications is that it can produce a 
reactive effect, while it completes the DC circuit path. The capacitor produces a 
reactive effect, but blocks DC current. Often, a complete DC current path is re- 
quired, as well as a reactive effect. 


Inductive Filters 


You can use series RL networks as simple low- and high-pass filters in the same 
way that you use series RC circuits. Figure 4-34 shows the two basic types of RL 
filter circuits. These circuits are resistor-inductor voltage dividers. 


L R 





Figure 4-34 
Single section RL filters and 
phase shifter: (A) low-pass filter 
with lagging phase shift, and 
(B) high-pass filter with leading 
phase shift. 


The circuit in Figure 4-34A is a low-pass filter. The input signal is applied across 
the coil and resistor in series, and the output voltage is taken from across the 
resistor. At low frequencies, the reactance of the coil is low and very little voltage 
is dropped across it. Most of the voltage is dropped across the output resistor. As 
the input frequency increases, inductive reactance increases. The inductive reac- 
tance becomes larger with respect to the resistance and more of the input voltage 
is dropped across the coil. Therefore, less voltage appears across the output resis- 
tor. As you can see, increasing the frequency causes an increase in the inductive 
reactance and a corresponding decrease in the output voltage. Low frequencies 
pass with little or no attenuation while high frequencies are greatly reduced in 
amplitude by the inductor’s reactance. 
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The circuit in Figure 4-34B is a high-pass filter. Again, the circuit is a voltage 
divider with the input AC voltage applied across the coil and resistor in series. 
The output voltage is taken across the inductor. At very high frequencies, the 
inductive reactance is very high compared to the resistance. Most of the input 
voltage is developed across the coil for the output terminals. As the input fre- 
quency decreases, the inductive reactance decreases. Less voltage is dropped 
across the coil and more across the resistor. The lower the frequency, the lower 
the inductive reactance and the lower the output voltage. High frequencies pass 
with little or no attenuation. Low frequencies are greatly attenuated due to the 
voltage divider effect. 


These simple low-pass and high-pass RL filter circuits produce the same result 
as equivalent RC circuits. However, they are less desirable because the inductors 
are larger and more expensive than capacitors. RC circuits are preferred for filter 
networks when DC current paths are not required. 


You can use the following expression to calculate the cut-off frequency, Foo, of 
the RL filter network shown in Figure 4-34: 


t- R- R 
© 2nL 6.28L 


The cut-off frequency is the frequency that is above or below those frequencies 
that the network passes or attenuates. In the expression above, R is in ohms, L is 
in henrys and F is in Hz. At the cut-off frequency, X; equals R and the phase shift 
is 45°. At the cut-off frequency, the output voltage, Ep, is approximately 70% 
(.707) of the input voltage, Epy, or Eg = 707 Eqy. For example, when the input 
voltage is 8 volts, the output voltage, at the cut-off frequency, is 8 V x .707 = 
5.656 volts. 


Inductive Phase Shifters 


Because an inductor causes the current in a circuit to lag the applied voltage, you 
can use inductive circuits for phase shifting. The simple series RL circuits shown 
in Figure 4-34 can also serve as phase shifters. With these circuits, you can ob- 
tain a phase shift between 0° and 90°. In the circuit shown in Figure 4-34A, the 
output voltage lags the input voltage. The inductive reactance and the resistance 
values determine the phase angle. 


The circuit of Figure 4-34B produces a leading phase shift. The output leads the 
input by a phase angle between 0° and 90°. As the amount of phase shift pro- 
duced by the circuit approaches 90°, the output voltage becomes greatly attenu- 
ated. Theoretically, with a 90° phase shift the output is zero. For that reason, 
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simple RL phase shift circuits provide phase shifts of approximately 60° or less. 
The greater the phase shift, the greater the need for amplification in the circuit, to 
restore the amplitude of the output signal. 


The amount of phase shift that is produced by these circuits is a function of the 
inductance, the resistance, and the input frequency. The following formulas cal- 
culate tangent of the phase shift: 


tan 0 = X, (Figure 4-34A) 


tan 0 = = (Figure 4-34B) 
L 


These formulas assume that the resistance of the inductor is negligible when as 
compared to the resistor’s value. 


To obtain phase shifts greater than 90°, the simple RL networks in Figure 4-34 
are cascaded. While you can obtain large values of phase shift, the attenuation of 
the cascaded circuit is considerable. Some type of amplification is generally re- 
quired to offset the loss in the circuit. Later in your studies, you will study the 
transistor amplifier combined with the RL network. 


As with RL filters, RL phase shifters are less desirable than RC phase shifters. 
Inductors are larger, more expensive, and have greater losses than capacitors. RC 
networks are preferred when DC current paths are not required. 
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Programmed Review 


103.RL circuits are widely used in 
applications. 


104. (filtering, phase shifting) It is the reactive effect of an inductor that 
permits such applications. For a given inductance, the reactance 
changes when the changes. 


105. (frequency) Another component whose reactance changes with fre- 
quency is the 


106. (capacitor) When a reactive component such as an inductor or ca- 
pacitor is combined with a resistor in series, the RL or RC combina- 
tion can provide filtering or phase shifting. The series RL combina- 
tion forms a circuit. 


107. (voltage divider) The input voltage is applied across the series com- 
bination while the output can be taken from across either the resistor 
or inductor depending upon the application. When you use the RL 
circuit in frequency selective applications it is called a 


108. (filter) If the output of a series RL circuit is taken from across the 
resistor, the circuit is a filter. 


109. (low-pass) At the higher frequencies, X, increases and less voltage 
appears across the output í 


110. (resistor) The circuit thereby attenuates frequencies and 
lets frequencies pass. 


111. (high, low) To use the series RL circuit as a high-pass filter, the out- 
put is taken from across the 
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112. (inductor) A high-pass filter attenuates the frequencies 
but lets the frequencies pass. 


113. dow, high) One frequency designates the dividing line between fre- 
quencies that are passed or attenuated. This is called the 
frequency. 


114. (cut-off) The values of in the circuit 
determine the cut-off frequency. 


115. (resistance, inductance) You compute the cut-off frequency for both 
high- and low-pass filters with the formula 


116. (£,,= Br ) IfR = 140 ohms and L= 107 mH, the cut-off frequency 


is Hz. 


a PAR 2 140 _ 
117. (208.3 f= 628 L = 628 (107 = 208.3 Hz ) You can also use the 


series RL network for phase shifting. If the output is taken from across 
the resistor it will the input. 


118. dag) The current lags the applied voltage in an RL circuit. Therefore, 
the resistor (output) voltage, which is in phase with the current, lags 
the input or applied voltage. To achieve an output that leads the input, 
you take the voltage from across the 


119. (inductor) The maximum possible phase shift of a series RL circuit is 


120. (90°) At 90° the output is zero. Therefore practical values of phase 
shift are less than 90°. The exact phase shift is a function of the 
and 
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121. (resistance, inductive reactance) To obtain phase shift values greater 
than 90°, you can RL circuits. 


122. (cascade) RL networks are large, heavy, and expensive due to the 


123. (inductor) As a result, networks are usually preferred 
over RL networks. 


124. RC) 
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C UNIT EXAMINATION 


The following multiple choice examination is designed to test your understand- 
ing of the material that was presented in this unit. Place a check beside the mul- 
tiple choice answer (A, B, C, or D) that you feel is most correct. After you com- 
plete the examination, compare your answers with the correct ones that appear 
after the exam. 


1. Inductance is the property of an electrical circuit that opposes changes in: 


current. 

applied voltage. 
induced voltage. 
magnetic field. 


GOW pS 


2. The unit of inductance is the: 


A. ohm. 

B. reactance. 
C. farad. 

D. 


henry. 


3. Which of the following factors does not cause the inductance of a coil to 


increase. 

A. increasing number of turns of wire 
B. increasing coil length 

C. increasing the diameter 

D. adding an iron core 


4. Three inductors, L1 = 50 mH, L2 = 175000 uH and L3 = .4 H, are con- 
nected in series with no mutual inductance. The total inductance is: 


A. 22.5 mH. 
B. 175.45 mH. 
C. 625 mH. 

D. 1800 mH. 


5. Aseries RL circuit contains a variable inductor with an iron core. When you 
remove the iron core, the voltage drop across the resistor: 


A. increases. 
B. decreases. 
C. remains the same. 
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6. The unit of inductive reactance is: 


A. henry. 

B. ohm. 

C. Hz. 

D.  millihenry. 


7. The total opposition to current flow in a series RL circuit is called: 


NWS 
TNX 
ESE 


8. Inductive reactance is a function of: 


SAWP 
Omri 


L=2.5 mH i ` 
R = 500 = 





10 VOLTS 4kHz 
Figure 4-35 


Circuit for exam 
questions 9 through 14. 


9. Refer to Figure 4-35. The impedance of the circuit is approximately: 


A. 50 ohms. 
B. 63 ohms. 
C. 80 ohms. 
D. 112 ohms. 


10. The voltage across the resistor in Figure 4-35 is approximately: 


A. 3.7 volts. "~ 
B. 6.3 volts. l 
C. 8.2 volts. 

D. 


10 volts. 
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11. 


12. 


13. 


14. 


15. 


The phase shift in the circuit of Figure 4-35 is approximately: 


A. 51° lagging. 
B. 62° leading. 
C. 81° leading. 
D. 90° lagging. 


The power that is dissipated in the circuit of Figure 4-35 is approximately: 


A. 175 mW. 
B. 420 mW. 
C. 635 mW. 
D. 780 mW. 


The cut-off frequency in the circuit of Figure 4-35 is approximately: 


A. 1800 Hz. 
B. 2.5 kHz. 

C. 3185 Hz. 
D. 4.39 kHz. 


The Q of the circuit in Figure 4-35 is approximately: 


A. .79 
B. 1.26 
C. 1.6 
D. 12.6 


An RL voltage divider with the output voltage taken from across the resis- 
tor is called a: 


A. low-pass filter. 

B. high-pass filter. 

C. leading phase shifter. 

D. inductive voltage divider. 
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10. 


11. 


12. 


EXAMINATION ANSWERS 


A — current. 
D —henry. 
B — increasing coil length. Increasing coil length decreases the inductance. 


C — 625 mH L1 = 50 mH, L2 = 175000 wH = 175 mH, L3 = .4 H = 400 
mH. Lr = L1 + L2 + L3 = 50 + 175 + 400 = 625 mH 


A — increases. When you remove the iron core, this decreases the induc- 
tance and the inductive reactance, therefore the opposition to current 
flow decreases. As a result, the current and the resistor voltage drop 
increase. 

B — ohms. 

C — Z impedance. 


C —f. Inductive reactance is a function of frequency. 


C — 80 ohms L = 2.5 mH = .0025 H f = 4 kHz = 4000 Hz X; = 6.28 fL = 
6.28 (4000) (.0025) X;, = 62.8 ohms or approximately 63 ohms. 


Z=/R?+X,2 = V50" + 63” = /2500 + 3969 


Z = 16469 = 80.4 or approximately 80 ohms 


B — 6.3 volts. I = g = g = .125 amperes 
Ep = IR = .125 (50) = 6.25 volts or approximately 6.3 volts 
3 XL 63 
— o = AL eo 
A — 51° lagging. 0 R50 
tan 0 = 1.26 @ =51.56°, approximately 51° or 52° 


D —780 mW. P = PR = (.125) 50 = .78125 W or approximately 780 mW 
(milliwatt) 
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13. C—3185 Hz. f£,= 


> 


-R -~ 50 _ 
6.28 L ~ 6.28 (.0025) ~ 9184-7 Hz 


14. B—1.26 g=%-8- 1.26 


15. A—low-pass filter. 


UNIT 5 


TUNED CIRCUITS 
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INTRODUCTION 


Tuned circuits are used extensively in electronics. They are used to determine the 
frequency at which oscillators and amplifiers operate, to separate wanted signals 
from unwanted signals, and to eliminate interference and noise. Without tuned 
circuits, many phases of electronics could not exist. 


Mush of the math in this unit is derived from the equations that are in Units 3 and 
4. In addition, a great deal of the background theory that is necessary to under- 
stand Unit 5 is also in the two preceding units. Be sure than you thoroughly 
understand the concepts that were presented in Unit 3 and Unit 4 before you 
begin Unit 5. 


One final point. After you complete your study of parallel resonance, you may 
wish to review Appendix B. There, you will find another “tool” that you may find 
useful when you study RLC circuits. It is called the “j operator.” The appendix 
provides an explanation of the purpose of the j operator and how it can be used to 
determine phase and magnitude relationships. 
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UNIT OBJECTIVES 


When you complete this unit, you will be able to: 


1. 


10. 


Define resonance, resonant frequency, half-power point, flywheel effect, 
tank circuit, self-resonance, band-pass filter, and band-stop filter. 


Calculate the impedance, current, voltage, power factor, and phase angle 
for series and parallel RLC circuits.. 


Determine the capacitor rating, in kilovars, necessary to correct an induc- 
tive circuit for a unity power factor. 


State six characteristics of a series-resonant RLC circuit.. 
State six characteristics of a parallel-resonant RLC circuit. 
Determine the Q of a series or parallel circuit at resonant frequency. 


Calculate the power savings, in kilowatt hours, of a circuit that has been 
corrected to a unity power factor. 


From the schematic diagram, identify the six basic types of filters. 
Name the type of filter that produces a particular response curve. 
Calculate the resonant frequency of a circuit. 


Determine the bandwidth of a series- or parallel-resonant circuit. 
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UNIT ACTIVITY GUIDE 


Completion 
Time 


Read “RLC Circuits.” 

Complete Programmed Review Frames 1-26. 
Read “Resonance.” 

Complete Programmed Review Frames 27-34. 
Read “Series Resonance.” 

Complete Programmed Review Frames 35-50. 
Read “Q and bandwidth in series-resonant circuit.” 
Complete Programmed Review frames 51-60. 
Perform Experiment 7: Series Resonance. 
Read “Parallel Resonance.” 

Complete Programmed Review Frames 61-77. 
Perform Experiment 8: Parallel Resonance. 

Read “LC Circuits.” 

Complete Programmed Review Frames 78-89. 
Perform Experiment 9: LC Filters. 

Study the Summary. 


Complete the Unit Examination. 


oco OCO OC 0E 0C2ēCãO2C2ēëCRZäOC§HOO 0 o§ēġēCë Cc0Cë2O Z ē02C20ēġē20üū 0 0O 


Check the Examination Answers. 
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RLC CIRCUITS 


RLC circuits are circuits which have resistors, inductors, and capacitors that 
have been connected together in some manner. The simplest RLC circuit consists 
of a resistor, an inductor, and a capacitor which are connected in series. This is 
called a series RLC circuit. 








2000 
115 VAC 
60Hz 1H 
10pF 
Figure 5-1 
Series RLC circuit. 
Series RLC Circuits 


Figure 5-1 shows a resistor, coil, and capacitor which are connected in series 
with an AC generator. Because the values of capacitance, inductance, and fre- 
quency are given, you can compute the reactances in the circuit with the follow- 
ing formulas: 


X,=2nfL and Xe= ae 


The inductive reactance is: 
XL = 2nfL 
X = 6.28 x 60 Hz x 1 H 
X, =377Q 


The capacitive reactance is: 


Xe 


1 
Xc 28 x60 Hz x 0.00001 få 
X.— 

© 000377 


Xo = 265 Q 
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The reactance values combine with the resistance value to form an impedance to 


current flow. Recall that there is a general formula for impedance: Z = v Rê+ X’. 
When the reactance is caused by capacitance, the formula becomes: 


Z=\/R + Xc . When inductive reactance is involved, the formula becomes 


Z=JR +X. 


The circuit shown in Figure 5-1 contains both capacitive and inductive reactance. 
Therefore, you need a formula which contains both X, and X, . A vector diagram 
of the reactances and resistance in the circuit will help you develop such an equa- 
tion. Figure 5-2 shows the vector diagram for this circuit. When you follow the 
conventions established earlier, R is plotted at 0; X, is plotted at +90°, and X, is 
plotted at -90°. Notice that this places X, 180° out of phase with X,. For this 
reason, X, and Xo tend to cancel. However, because X, is greater than Xo, the 
resultant reactance is inductive in nature. 


R = 2000 





Xo = 2650 


Figure 5-2 
Vector diagram for a 
series RLC circuit. 


Figure 5-3 shows the resultant vector. Because X, is 377 Q and X, is 265 Q, X, 
can completely cancel X, and still have a value of 112 Q. That is, 377 Q -265 Q 
= 112 Q. Thus, when a circuit has both capacitive reactance and inductive reac- 
tance, the net reactance is the difference between the two. 





Figure 5-3 
Resultant vector after 
X, cancels Xo- 
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10V 


Because of this, the complete formula for the impedance in a series RLC circuit 
is: 


Z=\VR +(X -Xo 
Z = (200° + (377 — 265) 
Z= (2007 + (112) 


Z = (40,000 + 12,544 ~/(200)2 + (112)2 


Z = 52,544 
Z=229Q 


The net result is the same as if a coil that has an X, of 112 Q is connected in 
series with a resistance of 200 ©. Figure 5-3 shows the final vector diagram. 


You use the formula above for impedance when X, is greater than X,. Obvi- 
ously, there will be cases in which X, is larger than X, . Such a case is shown in 
Figure 5-4A. Here X, is 10 ohms; X,, is 40 ohms and R is 40 ohms. 


B 
cs X, = 100 C 
R = 400 

400 


409 Xo = 400 


Figure 5-4 
Circuit and vectors in which 
Xo is greater than X. 


Figure 5-4B shows the vector diagram for this circuit. Note that in this case X, 
more than cancels X,. Thus, to find the net reactance you subtracting X, from 
X_. As shown in Figure 5-4C, the result is a capacitive reactance of 30 Q. Con- 
sequently, when X,, is larger than X, , the formula for impedance becomes: 


Z=\/R + Xc- X 
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Using this formula, we find that the total impedance of this circuit is: 
Z=/R’+(Ke- Xi) 
Z = V (407 + (40- 10)" 
Z = (407 + 807 


Z = 41600 + 900 
Z= 42500 
Z=50Q 


Once you know the impedance of the circuit, you can determine other circuit 
values. When you use formulas that were developed in earlier units, you can 
compute values such as current, the voltage dropped by each component, and the 
power factor. For example, the current in Figure 5-4A must be: 


This allows you to find the voltage drop across each component: 
Ep =1(R) =0.2Ax40Q=8V 
E, =1(X,) =0.2Ax 10Q=2V 
Ec = I (Xo) = 0.2A x 40 Q = 8V 

You can determine the power factor with the formula: 


-R_40Q_ 
PF= 7 = 300 0.80 
And since the power factor is also equal to the cosine of the angle, you can find 
the angle from a cosine chart. This chart indicates that the angle is about 36.5°. 
The vector shown in Figure 5-4C shows that this is a negative angle. This means 
that the circuit acts capacitively. 


To compute apparent power in volt-amps, multiply the applied voltage times the 
current: VA = E x I = 10 V x 0.2A = 2 VA. However, the true power is somewhat 
less since only the resistor can dissipate power: 


P = ČR = (0.2A¥ x 40 Q = 0.04 x 40 = 1.6 W 
The above procedure is a step-by-step way to analyze a series RLC circuit. With 


this procedure, you can compute all of the important circuit values from a few 
given values. 
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Parallel RLC Circuits 


Figure 5-5 shows a parallel RLC circuit. Because the three components are in 
parallel, the same voltage is applied across each. As you learned earlier, it is 
generally easier to work with currents in problems of this type. Recall that when 
a reactance is in parallel with a resistance, the total current is the vector sum of 
the two branch currents. That is, 


I= y Ik +Ix 


In this formula, Ix may be the current through either a capacitor or an inductor. 


Xo = 250 








lo = O.4A 
B 90° C 
ip = 0.5A 
I, =0.6A 
90° L 
i= tA 
Figure 5-5 


Parallel RLC circuit. 


You can expand this formula to handle situations like that shown in Figure 5-5A 
where both inductors and capacitors are used. The first step is to find the current 
through each branch. This is easy to do since all of the pertinent values are given. 
The branch currents are: ` 


JE. ż 

I= R200 0.5 amperes 
a SE a 

L= x, = 10 1 ampere 


4E z 
k= Ko = 25 0.4 amperes 
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Figure 5-5B shows the branch currents plotted as vectors. Ip is in phase with the 
applied voltage and is plotted at 0°. I, lags the applied voltage by 90° while I. 
leads the applied voltage by 90°. Notice that Ic is 180° out of phase with I,. As 
far as the source current is concerned, these two currents tend to cancel. |, is 
larger than Ic. Thus, the total current through the two reactive components is |, 
minus I; or 1 ampere minus 0.4 amperes equals 0.6 amperes. Because the reac- 
tive currents subtract, the formula for the total current is: 


Ir=vir +l -Io) 


Now, use this formula and solve for the total current in Figure 5-5A: 
r= Vi + -IY 
Ir = V0.5" + (1-0.4)" 
Ir = 0.5" + (0.6) 


I, = 0.25 + 0.36 


I, =v 0.61 
Ir=0.78A 


This is further illustrated by the vector shown in Figure 5-5C. The total current is 
shown as the vector sum of Ip and I, . Of course, the value of I, is the resultant 
current after you subtract the value of Ic from the original value of I. 


Once you know the total current in the circuit, you can compute other values. For 
example, the impedance of the circuit is: 


Z=E= 0Y =128Q 


=L 078A 
This is the impedance of the three components in parallel. 


Also, you can find the phase angle with the formula: 


=i _ 06 
uds 05 =1.2 


When you look this number up in Appendix C at the end of Unit 3, you find that 
a tangent of 1.2 corresponds to an angle of about 50°. However, as shown in 
Figure 5-5C, 0 is a negative angle because the circuit acts inductive. Consequently, 
the total current lags the applied voltage by about 50°. 
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Programmed Review 

















When a coil and a resistor are connected in series, the formula to find 
the total impedance is Z = \/ R? + X,” . By the same token the formula 
to find the impedance of a capacitor and resistor in series is 





(Z= VR? + Xo? ) When acapacitor, a coil, and a resistor are connected 
in series, you must expand the formula to include both X, and Xc. If 
X. is larger, the proper formula is: 


Z=VR + (X,— Xo) 


However, when Xc is larger than X, the proper formula is 





(Z=\R’ + (Xc -X1 )A series RLC circuit has an inductor with an 
X, of 25 ohms, a capacitor with an Xc of 10 ohms, and a resistance of 
15 ohms. The total impedance is ohms. 












(21.2) If the applied voltage is 10.6 volts, the current in the circuit is 
amperes. 


(0.5) The voltage drop across the resistor is 


(7.5) The voltage drop across the coil is 


(12.5) The voltage drop across the capacitor is 


(5) The apparent power in the circuit is 





(5.3) The true power is 


10. (3.75) The power factor of the circuit is j 
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11. (0.707) The current is ° out of phase with the applied 
voltage. 


. (45) Because the circuit acts inductively, the voltage 
current. 


. (leads) In parallel AC circuits, it is easier to work with currents. When 
a coil and a resistor are connected in parallel, you can find the total 
current with the formula: I; = 


. Ip=VIp’ + I,” ) When a capacitor and a resistor are connected in par- 
allel, the equation becomes I; = 


. (=y Ik +I,” ) If a capacitor, a coil, and a resistor are connected in 
parallel, the formula must be expanded to include |, and Ic. If I, is 
larger than Ic, the proper formula is I; = 


. (Lr=VIr + (l-10) ) On the other hand, if Ic is larger than I, the 
formula is: Ir = 


. (lr=VIg + (Ie -Ip9? )A coil with an X, of 10 ohms, a 20 ohm resis- 
tor, and a capacitor with an Xc of 30 ohms are connected in parallel 
across a 60-volt AC power supply. The current through the coil is: I = 

amperes. 


. (6) The current through the resistor is: Ip = amperes. 


. (3) The current through the capacitor is: I. = amperes. 


. (2) The total current (I;) in the circuit is amperes. 


21. (5) The total impedance of the circuit is 
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22. (12) The apparent power in the circuit is volt-amps. 


23. (300) The true power is 








24. (180) The phase angle is the =e whose tangent equals Ix/Ip. In this 
example, tan 0 = 


25. (4/3 or 1.333) From the tangent table, you find that this corresponds to 
an angle of about a 


26. (53) Since the circuit acts inductive the current lags the voltage and 
the angle is negative. 
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RESONANCE 


In earlier units you studied the inductive reactance of coils and the capacitive 
reactance of capacitors. Figure 5-6A shows a coil and a capacitor connected in 
parallel. If a voltage is applied between terminals A and B, the operation of this 
circuit depends upon the frequency of the applied voltage. If the voltage is DC, 
the capacitor acts like an open while the inductor acts like a short. That is, the Xc 











is infinite while the X; is 0. 
A 
A c L B 
B 
Figure 5-6 
LC circuits. 


Now assume that the applied voltage is not DC but is a very low frequency AC 
instead. In this case, the X; is very low and the Xcis quite high. The exact values 
depend upon the values of C, L, and the applied frequency. 


If you gradually increase the frequency, the X; will gradually increase while the 
Xc will gradually decrease. As you increase the frequency further, you will even- 
tually reach a point at which the value of X; is the same as the value of Xc. That 
is, for any combination of L and C, there is some frequency at which X, equals 
Xc. This is true whether the two components are connected in parallel as shown 
in Figure 5-6A or in series as shown in Figure 5-6B. The condition at which X, 
equals Xc is called resonance. Also, the frequency at which X, equals Xc is 
called the resonant frequency and is abbreviated fo. 


Recall that the formula for X; is: 


XL = 2nfL 
And, the formula for X¢ is: 
cod 
Xc= 2nfC 


With these two formulas, you can derive an equation for the resonant frequency, 
fo. By definition, at resonance, X, = Xc. Therefore: 


Se, 
niL = SfE 
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To solve for the frequency at which L and C are resonant, you can rearrange this 
formula. To do this, you first multiply both sides of the equation by 2nfC. This 


gives you: 
_ 1 Qe) 

2r fL (2r fC) = nE 

or: 2r fL (27 fC)=1 


Simplifying this, you find that: 
4x’ f LC =1 


When you divide both sides by 4r LC you get: 
2 1 


4n? LC 


Now, take the square root of both sides: 
VF =,/ 
4r? LC 


7 . 1 vI 
Of course, Vf? =f and you can write tLe 3 Jai Le 





Thus the equation becomes: 


f=. 
Jm LC 


The square root of 1 is 1 and the square root of 4n? is 27. Thus, the final equation 


1S: 





Or, when you divide 27 into 1: 
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You can apply this formula to any LC circuit to find the frequency at which it is 
resonant. For example, assume that a 100 mH coil is connected in series with a 
.022 UF capacitor. What is the resonant frequency? 

L=0.1H 

C = .000 000 022 uF 


0.159 
VLC 


fo= 


0.159 
0.1 H x 0.000 000 022 uF 


fo = 


f= 0.159 
o°- 40.000 000 0022 


f = 0.159 
© ~ 40.000047 


fo = 3383 Hz or 3.383 kHz 


Now try another example. A 5 pF capacitor is in parallel with a 50 WH coil. What 
is the resonant frequency? 


L = 0.000 05 H 
C = 0.000 005 uF 


0.159 
y 0.000 05 H x 0.000 005 uF 


fo = 


f= 0.159 
© 40.000 000 000 25 


£. = 0.159 
o~ /0.0000159 


fo = 10,000 Hz or 10 kHz 
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If you rearrange the resonance formula in a different way, you can derive two 
more important equations. First you can derive an equation to find the value of 
capacitance that is needed to resonate with a given value of inductance at a given 
frequency. As before: 


X_ = Xe 
et) 
miL =E 
4r f LC=1 
1 
c=-—1— 
4n? f2L 


Or, you can rearrange the equation like this: 


4n? £?C 
You can use this equation to find the value of inductance that is needed to reso- 
nate with a given value of capacitance at a given frequency. Now try to use these 


two formulas in a couple of practical problems. 


What value of capacitor must be connected across a 5 Henry coil in order that the 
circuit resonate at 60 Hz? 


L=5H 


f= 60 Hz 

1 
c=—L_ 
4n? f?L 


Cz—— l _ 
4 (3.14) (60)? (5) 


7 1 
C= 35.4 (3600) ©) 


esa aka 
C = 709 200 


C = 0.0000014 uF 


C= 1.4 uF 
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( What value of coil must be connected in series with a 1 uF capacitor to make the 
circuit resonate at 5 kHz? 


C = 0.000 001 uF 
fo = 5000 Hz 
zunle 
4r? f’ C 
1 


Ls 
4 (3.14)? (5000)? (.000 001) 


1 
L = l 
39.4 (25,000,000)? (.000 001) 


eee 
L= 985 
L= 1.02 mH 





These examples show you how to find the resonant frequency, the value of L, or 
the value of C. You can use these formulas to find any one of these variables, if 
you know the other two. These formulas work equally well for both series and 
parallel LC circuits. That is, for given values of L and C, the resonant frequency 
is the same regardless of how L and C are connected. Nevertheless, as you will 
see later, a series resonant circuit behaves very differently than a parallel reso- 
nant circuit. 
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Programmed Review 


27. For any inductor-capacitor combination, there is some frequency at 
which X; equals Xc. This is called the frequency. 


. (resonant) The formula for fọ is: 


zel — -159 : 
. (fo= am ILE | fo FE ) You can use either of these formulas 


to find that a 1 H coil and a 1 pF capacitor have a resonant fre- 
quency of Hz. 


. (159 Hz) You can rearrange the resonant formula to find the value 
of the coil if you know the value of the capacitor and the resonant 
frequency. The formula for L is: L = 


. (L= sae ) Use this formula to determine what value of induc- 


tor must be connected across a 5 uF capacitor to make the circuit 
resonate at 100 Hz? L = H. 


. (0.5) Also, you can rearrange the resonant formula so that you can 
find the value of the capacitor when you know the value of the 
inductor and the resonant frequency. The formula is: C = 


. (C= ae ) Use this formula to what value of C you should chose 


to resonate at 1 kHz with an inductance of 1H? C= 


uF. 


. (0.025 ) Appendix A at the end of this unit shows a graphic way to 
solve resonance problems. Turn to Appendix A and use the graph to 
solve the problems in Frames 29, 31, and 33 of this review. 
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SERIES RESONANCE 


The previous section defined resonance and gave a formula to determine the 
resonant frequency of any LC circuit. In this section you will see that an LC 
circuit has characteristics at resonance which it does not have at any other fre- 
quency. These unusual characteristics make the resonant circuit extremely im- 
portant. 


Figure 5-7 shows a series circuit consisting of a capacitor, an inductor, and a 
resistor. The values of L and C are not given, nor is the frequency of the applied 
signal. Nevertheless, you know that the circuit is at the resonant condition be- 
cause X; is equal to Xc. 


POINT A EL 
XL = 10000 







Xo = 10009 


ER 
R = 10000 90° IR IL Ie 
POINT B 
Ec 
Figure 5-7 Figure 5-8 
At resonance, X, = Xo- Vector diagram of a 


series resonant circuit. 


The applied AC signal forces current to flow through the series circuit. Because 
the components are in series, the same current flows through all components. 


As current flows through the circuit, a voltage is developed across each compo- 
nent. Because R = X, = Xg, the voltages developed across each component are 
equal. That is, Ep = E, = Ec. However, this is true only of the magnitude of the 
voltage. The phase of the voltage is different across each component. The voltage 
across R is in phase with the circuit current. However, the voltage across the coil 
leads the current by 90°. Also, the voltage across the capacitor lags behind the 
current by 90°. The best way to visualize these phase relationships is with vector 
diagrams. 


Figure 5-8 shows the vector diagram of the voltages and current. Ir, I}, Ic, and Eg 
are all in phase with the applied current. Consequently, these are shown at 0°. EL 
is drawn at +90° while Ec is drawn at —90°. Thus, E; is 180° out of phase with Ec. 
This illustrates one of the most important characteristics of the series resonant 
circuit. At resonance, the voltages across the capacitor and coil are of equal mag- 
nitude, but they are 180° out of phase. Consequently, E; exactly cancels Ec. Thus, 
as far as the source is concerned, the sum of these two voltages is zero. This 
means that a voltmeter connected between points A and B in Figure 5-7 will read 
0 volts. 
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If the combined voltage drop across X, and X¢ is 0, the applied voltage must be 
developed across R. That is, if the source voltage is 10 volts, the voltage across R 
is 10 volts. If you connect a voltmeter across R, it will read 10 volts. However, 
since the same current must flow through C, if you connect a voltmeter across C, 
will also read 10 volts. Moreover, a voltmeter placed across L will read 10 volts. 
At first this may seem to violate Kirchhoff’s voltage law. It does not because the 
10 volts across C is cancelled by the 10 volts across L. As Figure 5-8 shows, the 
vector sum of E; and E¢ is 0 volts. This is the first of several strange occurrences 
which take place in series resonant circuits. 


Another strange thing is the apparent disappearance of the coil and the capacitor 
at resonance. Since the combination of L and C produces no voltage drop, their 
total reactance or impedance must be zero. That is, the source sees the LC com- 
bination as a perfect conductor that has 0 ohms of impedance. Thus, the only 
opposition to current flow in the circuit is the resistance of R. The source sees no 
capacitance and no inductance, only resistance. 


To easily prove this, apply the impedance formula you learned about earlier. 
Recall that: 


Z=VR + X-X 


When X, = Xc, Xi — Xc = O. Therefore: 
Z=VR°+0 
Z=VR’ 


Z=R 


Thus at resonance, the total impedance is simply the value of R. This means that 
the current and voltage as viewed by the source are in phase. Consequently, the 
power factor is 1. 


It is important to emphasize again that these conditions occur only at resonance. 
When the applied frequency is above or below resonance, X; does not exactly 
equal Xc. Consequently, the voltage drops across L and C do not completely 
cancel. In this case, there is some resultant value of reactance. 
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The third strange thing which happens in series resonant circuits is the most mys- 
terious of all. It is not evident in Figure 5-7 because the value of R is equal to the 
value of X; and Xç. However, look at the circuit shown in Figure 5-9. Here, the 
value of R is much less than that of X; or Xc. Nevertheless, the circuit is still at 
resonance because X; equals Xc. 


POINT A 
X= 10000 





10V AC 
SOURCE Xo = 10000 


POINT B 


Figure 5-9 
R is less than X, or Xç. 


You have seen that the current in a resonant circuit is determined solely by the 
applied voltage and the value of the series resistance. Thus, in this circuit, 
j=£-10V 

R 1009 
fore, the voltage drop across C must be Ec = I (Xo) = 0.1 A x 1000 Q = 100 V. 
Also, the voltage drop across L must be E, = I (X1) = 0.1 A x 1000 Q = 100 V. 
Note that the voltage across L or C is actually ten times higher than the voltage 
being applied to the circuit. 


= 0.1 ampere. This same current flows through C and L. There- 


Once again, this may seem to violate Kirchhoff’s voltage law. However, it does 
not since the 100 volts across L is exactly cancelled by the 100 volts across C. If 
you connect a voltmeter from point A to point B it will still read 0 volts. But, if 
you connect the meter across L or C separately, it will read 100 volts. 


This ability to produce a voltage higher than the applied voltage is one of the 
most remarkable characteristics of the series-resonant circuit. This is possible 
due to the ability of the coil and the capacitor to store energy. 


It occurs at resonance any time that the value of R is lower than the value of X, or 
Xc. The lower the value of the resistance as compared to the reactance, the higher 
the voltage across the reactance. If you could entirely eliminate all series resis- 
tance, the current in the circuit would theoretically rise to an infinitely high value. 
The voltage across the coil and the capacitor would also become infinitely high. 


5-24 | unit Five 


In practice, of course, some series resistance is always present. The AC source 
always has some value of series resistance as will the connecting wires. How- 
ever, the largest source of series resistance is generally the coil. Most coils are 
wound from lengths of very small wire. Thus, they have a relatively large value 
of series resistance. This resistance tends to keep the resonant current down even 
if there is no separate resistor. 


To summarize, the series resonant circuit has several important characteristics. 
These are listed below: 


1. The impedance across the circuit is low and is equal to the series resistance. 
2. The current flow is high and is limited only by the series resistance. 
3. The applied voltage is dropped by the series resistance. 


4. The voltage across the coil or capacitor is equal to the current times the 
reactance. This voltage may be higher than the applied voltage. 


5. The circuit acts resistive. The source current and voltage are in phase and 
the power factor is 1, or unity. 
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Programmed Review 


35. A series RLC circuit is resonant at the frequency at which X, equals 


. (Xo) b a series RLC circuit, the same current flows through all com- 
ponents. When X; equals Xc¢, the voltage that is developed across the 
inductor is the same as that developed across the 


. (capacitor) The voltage across the inductor the current 
by 90°. leads/lags 


. (leads) On the other hand, the voltage across the capacitor 
the current by 90°. leads/lags 


. (lags) Consequently, the voltage across the capacitor is 
( j degrees out of phase with the voltage across the inductor. 


. (180) For this reason, the voltage across the capacitor exactly cancels 
the voltage across the 


. (inductor or coil) If you connect a meter across the coil and capacitor, 
it will read volts. 


. (0) Because no voltage is developed across the coil-capacitor combi- 
nation, the total impedance of the coil and capacitor at resonance is 
ohms. 


. (0) In a series resonant RLC circuit, the only opposition to current 
flow is offered by the 


. (resistance) That is, in a series resonant circuit, the impedance is equal 
to the 
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45. (resistance) In a series resonant circuit with 10 VAC applied, the re- 
sistance is 10 ohms. What is the current in the circuit? 
amperes. 


. (1) If in this same circuit X, is 120 ohms, what is the voltage drop 
across X4? volts. 


. (120) Note that this voltage is times higher than the 
applied voltage. 


. (12) However, this does not violate Kirchhoff’s law since this voltage 
is exactly cancelled by the voltage drop across the 


. (capacitor) This voltage step-up across the reactance occurs only in 
series resonant circuits in which X, or Xc is larger than 





Q AND BANDWIDTH IN SERIES-RESONANT 
CIRCUITS 


The series-resonant circuit has two characteristics which you have not learned 
about yet. These are called Q and bandwidth. These two characteristics are de- 
fined and explained in this section. You learned earlier that Q is a figure of qual- 
ity for coils. However, the Q used in connection with resonant circuits has addi- 
tional aspects which you must understand. You also learned about bandwidth in 
connection with filters. Here, you will learn more about bandwidth. 


Q In Series-Resonant Circuits 
One of the most important characteristics of a resonant circuit is its Q. Other 
names for Q include: quality figure, figure of merit, and magnification factor. 


The Q factor is the ratio of the reactance at resonance to the series AC resistance. 
That is, 


X 
Q= 


Or, since at resonance X; = Xç, 


-Xc 
Q=R 
Normally though, you express the reactance in terms of X,. 


In a resonant circuit in which X, = Xc = 1000 Q and the series AC resistance is 
100 Q; the Q factor is 10 because: 


- Xı _ 10009 _ 
Q= R= "joo. = 1° 





Since Q is the ratio of reactance to resistance, the ohms in each term cancel. 
Thus, Q is simply a number without any associated units. 
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In the series resonant circuit, Q is the magnification factor that determines how 
much the voltage across L or C increases above the applied voltage. For ex- 
ample, if you apply a 1 V peak-to-peak AC signal across a series resonant circuit 
with a Q of 10, the voltage across L or C at resonance is 10 V peak-to-peak. 
Thus, the applied voltage, Ein, is magnified by the Q factor. Expressed as an 
equation: 


E, = Q x Ein 
And: 


Ec = Qx En 


When you know the applied voltage, Ein, and the voltage across L or C, E, or Ec, 
you can calculate the Q factor with the formula: 


To determine Q, you can measure E,, and E; or Ec and use the above formula. 
For example, when you measure E,, with an AC voltmeter, you find it to be 0.1 
volt. You also E; and find it to be 15 volts. The Q of the circuit must be: 


When you use this method to determine Q, it generally gives more accurate 
results than the X,/R method. The reason for this is that the AC resistance of the 
circuit is difficult to determine. 


Generally, the largest single factor that makes up the series resistance is the AC 
resistance of the coil. This AC resistance can be much higher than the DC resis- 
tance you measure with an ohmmeter. This makes it difficult to measure the AC 
resistance of the coil directly. 


You will recall that a coil has a Q factor of its own. If the only series resistance in 
a series resonant circuit is that of the coil, the Q of the circuit is the same as that 
of the coil. The Q of the coil is the highest possible value of Q that a resonant 
circuit can have. If you add additional series resistance, the Q of the circuit will 
be less than the Q of the coil. 
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While it is difficult to measure directly the AC resistance of a series resonant 
circuit, you can compute the value from known or measured circuit quantities. 
For example, a series resonant circuit develops 10 volts across a 1 Henry coil at 
100 Hz with a 0.1 volt AC input. Find the Q and the AC resistance. 


You know that Q = Xe . Consequently: R = Z . You saw that Q is 100. Thus, if 


you find X,, you can determine R. 
XL = 27 fL 


X_ = 6.28 (100 Hz) (1 H) 


X,, = 628 Q 
Therefore: 

X 
R=— 

Q 

_ 628 QO 

R= "700 
R =6.28Q 


This shows some of the reasons that Q is important. However, Q is also important 
to determine the bandwidth of a resonant circuit. 


Bandwidth and Q 


Resonant circuits are selective. They respond more readily to their resonant fre- 
quency, fo, than to other frequencies. While the resonance effects are greatest at 
fo, these same effects exist to a smaller extent at frequencies slightly above and 
below fo. Thus, a resonant circuit actually responds to a band of frequencies. The 
width of this band of frequencies is called the bandwidth of the resonant circuit. 
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MEASURING BANDWIDTH 


Figure 5-10 illustrates how bandwidth is measured. This graph shows the current 
that is passed by a series resonant circuit at various frequencies below, at, and 
above the resonant frequency. Naturally, maximum current flows at the resonant 
frequency. In this example, fp is 1000 Hz and the maximum current is 10 mA. 


CURRENT MAXIMUM 





bE 6 

& 

i 5 

z 4 BANDWIDTH 
3 pe- AF -p 
2 
1 





600Hz 800Hz 1000Hz 1200Hz 1400Hz 


fo 


Figure 5-10 
Bandwidth is measured between 
half-power points. 


The bandwidth of the series resonant circuit is generally considered to include 
that group of frequencies with a response 70.7 % of maximum. In the example, 
frequencies which produce a current of 7.07 mA or higher are considered within 
the bandwidth. This band of frequencies extends from f, (900 Hz) to f, (1100 
Hz). 


The bandwidth is defined as the width of this band of frequencies. Consequently 
the bandwidth (BW) is f, — f,, or 1100 Hz — 900 Hz = 200 Hz. That is, the 
bandwidth is the width of the band of frequencies which produce a response of 
70.7% of maximum current. 


HALF-POWER POINTS 


You may wonder why the 70.7% points were chosen to indicate the bandwidth. 
Actually this is a very convenient point to use because it represents the point at 
which the power in the circuit is exactly one-half the maximum value. Thus, the 
points marked f, and f, in Figure 5-10 are referred to as half-power points. 


An example demonstrates that the power in a circuit drops to one-half when the 
current drops to 70.7%. Consider a circuit in which the resistance is 2000 ohms 
and the current is 10 mA. The power is: P= PR = 0.017 x 2000 = 0.0001 x 2000 
= 0.2 W. Now assume that the current drops to 70.7% of maximum or to 7.07 
mA. The power drops to: P= I'R = 0.00707" x 2000 = 0.00005 x 2000 = 0.1 W. 
This is one-half the previous power. Thus, when you reduce the current to 70.7%, 
the power reduces to 50%. For convenience then, the bandwidth is measured 
between half-power points. 


BANDWIDTH EQUALS f,/Q 
With the bandwidth that is measured between the half-power points, an interest- 


ing relationship exists between the bandwidth, the resonant frequency, and the 
value of Q. This relationship is expressed by the equation: 


f, 
BW =- 
Q 


This states that the bandwidth equals the resonant frequency divided by the Q. 


For the example shown in Figure 5-10, the Q is 5 because: 


f 
BW=2 

Q 
BW = 1000 Hz 
BW = 200 Hz 


The equation states that the bandwidth is directly proportional to the resonant 
frequency, but inversely proportional to the value of Q. 
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The curves shown in Figure 5-11 illustrate that the bandwidth increases as the 
value of Q decreases. When the value of Q is high, the current in the circuit is 
relatively high. The resonant circuit responds to a very narrow band of frequen- 
cies. The resonant frequency is 100 kHz. Thus, if the Q is 50, the bandwidth is: 


BW = È = 100KEZ = 2 khz 


CURRENT ——— 







BW = 10kHz 


fo= 


90kKHz 110kHz 
100kHz 


FREQUENCY 


Figure 5-11 
Bandwidth increases as Q decreases. 


Note what happens to the curve when the Q reduces to 25. The current is lower 
and the curve is somewhat broader. The bandwidth increases to: 


_ fo _ 100 kHz _ 
BW= Gog = 4 kHz. 


When the Q reduces to 10, an even broader response curve results. The current is 
relatively low and the bandwidth is: 


Bw = 2 = 100 kHz = 10 kHz 





Figure 5-12 shows three circuits which produce curves like those shown in Fig- 
ure 5-11. The three circuits are identical except for the value of the resistance. 
The value of R determines the Q of the circuit. This, in turn, determines the 
bandwidth. Notice that the value of R does not affect the resonant frequency, 
only the Q and bandwidth. As the value of R in creases, the Q decreases and the 
bandwidth increases. 


A 
XL = 20000 
Xc = 200090 xX 
100kHz e q=-—=50 
R 
R = 400 
B X, = 20000 
100kHz Xc = 20000 as Abe 35 
R 
R = 800 
X_ = 20000 
100kHz XC = 20000 Q= nb 10 
R 
R = 2000 
Figure 5-12 


Effects of resistance. 
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Programmed Review 










51. The Q of a series resonant circuit is generally defined as the ratio of 
the reactance to the series AC resistance. The formula for Q is: 


Q= 






52. (Q= AL or Q= Xe ) You can also think of Q as a magnification fac- 
tor that determines how much the voltage across L or C is increases 
above the applied voltage. Thus, if Ein is 5 volts and the Q is 10, the 
voltage across the capacitor is volts. 







. (50) Therefore, you can express Q in terms of E,, and Ec. The formula 
is 














. (Q= = ) Q determines the width of the band of frequencies to which 
a rediallne circuit responds. That is, the bandwidth of a series resonant 
circuit is determined largely by the of the circuit. 










. (Q) The bandwidth of a series resonant circuit is measured at “half- 
” points. 


. (“half-power”) These are the points at which the current falls to 
percent of its maximum value. 


. (70.7) The resonant frequency (fo) and the Q determine the bandwidth. 
The formula is BW = 















. (BW = £ ) While the values of L and C determine the resonant fre- 
ong) Qis generally determined by the in the cir- 
cuit. 


. (resistance) The higher the resistance, the lower the Q and the broader 
the 


60. (Bandwidth) 
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EXPERIMENT 7 


Series Resonance 


OBJECTIVES: To calculate the resonant frequency for a series RLC circuit. 


To graph the frequency response curve for a series-resonant 
RLC circuit. 


To compare the calculated values of a resonant frequency with 
the measured values. 


To compute the Q and bandwidth of a series-resonant circuit. 


Introduction 


In this experiment you will verify that, at resonance, the current is maximum and 
is determined by the resistance in the circuit. You will also demonstrate that the 
voltage across the LC combination is minimum. You will prove that the indi- 
vidual voltage across L or C can be higher than the applied voltage. Finally, you 
will investigate how changes in the values of L, C, and R affect the characteris- 
tics of the circuit. 


Material Required 


Heathkit Analog Trainer 

Oscilloscope 

AC Voltmeter 

Masking tape 

1 — .001 UF ceramic capacitor 

1 — .01 uF Mylar capacitor 

1 — 107 mH variable inductor (#45-610) 

2 — 1000 Q, 1/2-watt resistors (brown-black-red) 


5-36 | UNIT Five 


Procedure 


1. Set the Generator section of the Trainer so you can adjust the frequency 
between 2 kHz and 20 kHz. Then turn on the Trainer and adjust the Genera- 
tor section for a sine wave output of 2 kHz. 


NOTE: In this and the following steps, where you will measure a frequency 
or a voltage at a frequency, use the oscilloscope to measure the period of 
one cycle and calculate the frequency. For example; the period for one cycle 
of a 20 kHz sine wave is 50 us/cm (1 + 20,000 Hz). Remember to choose a 
time base that allows you stretch one cycle over several centimeters in the 
display so you can measure the period with greater accuracy. 


2. Measure the sine wave output with your AC voltmeter. Slowly increase the 
frequency up to 20 kHz as you monitor the voltage with your AC voltmeter. 
Note that the output is nearly constant for all frequencies. The output volt- 
age at 20 kHz is volts. 


3. Disconnect your voltmeter from the Trainer. Then construct the circuit shown 
in Figure 5-13A. Be sure to center the core in the variable inductor’s coil. 
Then, stick masking tape to the Trainer, around the Generator frequency 
control. You will mark the tape to identify various frequencies in this ex- 
periment. 


4. Connect the AC voltmeter across R,. Adjust the frequency control on the 
Trainer until the voltage across R} is maximum. The voltage across R; is: 
Epi = VAC. Is this the resonant point? 


5. Use a pencil to mark the point on the masking tape next to the frequency 
dial pointer where the maximum voltage across R; occurs. The resonant 
frequency appears to be about Hz. With the frequency con- 
trol set to this frequency, measure the applied AC input voltage between the 
SINE and GND terminals. The voltage is Ein = VAC. Com- 
pare this with the value you measured in step 2. Has the voltage changed? 

. How do you account for this? 


6. Use the values of L; and C; given in Figure 5-13A to compute the resonant 
frequency of the circuit. fo = Hz. How does this compare 
with the frequency you approximated in step 5? 
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Ly 


Cy 


.001 pF 

















SINE 
SINE Ly Ry 
GENERATOR 107 mH GENERATOR ia 
1KQ .001 pF 
Cy Ry 
SINE R1 SINE Ly 
GENERATOR 1kQ GENERATOR 107 mH 
Cy 
.001 pF 
107 mH H 
Figure 5-13 


7. Reconstruct the circuit so that the components are arranged as shown in 
Figure 5-13B. The position of the components does not affect the character- 
istics of the circuit. After you do this, turn the frequency control to the 2 
kHz position, change the voltmeter to the 50-volt scale, and connect the 
voltmeter across L4. Now, turn the frequency control knob clockwise until 
the voltage across L, is maximum. 


Is the frequency control knob now set at the position that you marked in 
step 5? 


The voltage across L, at this point is: E, = volts. Is this volt- 
age higher than the generator output voltage, Ein, you measured in step 5? 
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10. 


11. 


12. 


Reconfigure the circuit so that the position of the components matches those 
shown in Figure 5-13C. Return the frequency control knob to the 2 kHz 
position and leave the voltmeter set to the 50-VAC scale. Connect the volt- 
meter across capacitor C,. Rotate the frequency control knob in the clock- 
wise direction until the voltage across the capacitor is maximum. 


Is the frequency control now in the position you marked in step 5? 


The voltage across C; at this point is: Eç = VAC. 
Is Ec approximately equal to E? 


Finally, reconfigure the circuit so that the position of the components matches 
the position of the components in Figure 5-13D. Turn the frequency control 
to the 2 kHz position and connect the voltmeter across the capacitor and the 
coil. Now adjust the frequency control until the voltmeter indication is mini- 
mum. 


Is the frequency control knob in the position you marked in step 5? 


The voltage across C, and L, is VAC 


Do the capacitor and inductor voltages completely cancel one another? 
. If so, why? 


Use the equation Q = z to compute the Q of the circuit. Use the value of 


in 


Ein you measured in step 5. Q = 


Use the equation X, = 2 nfL to compute the X; of the circuit. Use 107 mH 
as the value of L and the frequency you computed in step 6 as the value of 
f. X, = ohms. 


Use the equation X, = to compute the value of Xc. Use 0.001 pF as 


si 
2nfC 
the value of C and the frequency you computed in step 6 as the value of f. 
Xc= ohms. Are X, and X approximately equal? 
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13. Compute the bandwidth of the circuit with the formula BW =b . BW = 


Hz. What are the frequencies at the half-power points? 
Hz and Hz. 


14. Connect your voltmeter across the capacitor and carefully set the frequency 
control for maximum voltage across C. Ec = VAC. 


15. Multiply this voltage by 0.707 to find the voltage at the half-power points. 
Ec x 0.707 = VAC. 


16. Slowly turn the frequency control counterclockwise until the voltage across 
C is the value you computed in step 15. What is the frequency at this point? 
Hz. Mark this point on the frequency dial. 


17. Slowly turn the frequency control clockwise, through the resonant point 
and beyond, until the voltage across C is the value you computed in step 15. 
What is the frequency at this point? Hz. Mark this point on 
the frequency dial. 


Discussion 


In the previous steps, you observed many of the characteristics of a series reso- 
nant circuit. In step 2, you measured the AC output voltage for the Trainer sine 
generator. After you constructed the circuit and adjusted the frequency control 
until the circuit was at resonance, you measured the sine generator output again 
in step 5. You should have noticed a change in the output. This occurs because 
the series circuit has a very low impedance at resonance. This low impedance 
loads the generator and causes a lower output voltage. 


The current through a series resonant circuit is maximum. In step 4, when you 
adjusted the frequency control so that the voltage drop across Ry was maximum, 
you were actually determining the resonant frequency of the circuit. From Ohm’s 
Law, you know that the maximum voltage drop occurs when maximum current 
moves through the circuit. 


In step 6, you used the nominal inductor and capacitor values to compute the 
resonant frequency of the circuit. Your computed value should have been 15,370 
Hz. The actual resonant frequency will vary somewhat due to component toler- 
ances and the stray capacitance of the coil and the generator. 
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In step 7, you adjusted the frequency control until the voltage across the coil was 
maximum. You observed the position of the frequency control to confirm that 
the voltage across the coil is maximum at the circuit’s resonant frequency. In 
step 8, you saw that the same is true of the voltage across the capacitor. 


You should have noticed that E; and Eç were actually higher than the generator 
voltage. If you used a high-impedance meter to make your measurement, you 
discovered that the voltage was several times higher. This occurs because the 
voltage across the reactive components is a result of the current through the 
component and the component’s reactance. At resonance, the circuit current is 
controlled entirely by the resistance in the circuit. 


In step 9, however, you saw that the voltage across the inductor and the capacitor 
tend to cancel one another. Remember, current leads voltage in a capacitor and 
current lags voltage in an inductor. Because of this, the capacitive and inductive 
voltages are 180° out of phase with each other, and cancel. In reality, complete 
cancellation does not occur because there is a built-in resistance in the coil that 
develops a voltage drop of its own. This built-in resistance is the ohmic resis- 
tance of the wire that was used when the inductor was manufactured. 


You then used the measured values of E, and E;n to computed the Q of the circuit 
in step 10. In step 11 you computed the value of X,. In step 12, you computed Xc 
and found that it is the same as X,. 


In step 13 you divided the resonant frequency, 15,370 Hz, by the value of Q to 
compute the bandwidth. Typically the bandwidth is about 2400 Hz. Thus, the 
circuit responds to the band of frequencies between 14170 Hz and 16570 Hz. In 
steps 14 through 17, you marked the points on the dial which corresponded to 
the upper and lower limits of this band of frequencies. You are now ready to 
continue your experiment, to see how the circuit behavior is affected when you 
change component values. 
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Procedure (continued) 


18. Replace the 1000 ohm resistor, R,, with a jumper wire. Try to predict the 
effect this will have on: 


Resonant frequency 


Q 

Ec 

EL 

Ein 
Bandwidth 


19. Set the frequency control to the 2 kHz position and connect your voltmeter 
across C4. Carefully adjust the frequency control until Eç is maximum. Note 
the frequency at which this occurs. Did the resonant frequency change? 


20. Observe the voltage across the capacitor. Ec = VAC. How did 
Ec change from the value you measured in step 14? 


21. Reconfigure your circuit so it appears like the one shown in Figure 5-13B. 
Remember, R; is replaced by a jumper wire. Set the frequency control to the 
2 kHz position and connect the voltmeter across L,. Adjust the frequency 
control until E, is maximum. Note the frequency at which resonance oc- 
curs. E, = 


22. With the frequency control set to the resonant frequency, measure the gen- 
erator output voltage. Ein = VAC. 


23. Use the value of E, you measured in step 21 and the value of Ejn you mea- 
sured in step 22 to compute the new value of Q. Q= = E 


in 
Has the circuit Q increased or decreased? 
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24. 


25. 


26. 


27. 


28. 


Compute the new bandwidth with the formula BW = Hz. 
Has the bandwidth increased or decreased? 


Multiply the value of E, you found in step 21 by 0.707. E, x 0.707 = 
VAC. 


Slowly turn the frequency control counterclockwise until the voltage across 
Lis the value you computed in step 25. At this point, is the frequency dial 
above or below the lower half-power point you marked earlier? 


Slowly turn the frequency control clockwise through the resonant point to 
the upper half-power point. Is this point above or below the upper half- 
power point you marked earlier? : 


Replace the .001 uF capacitor with the .01 uF capacitor. Compute the new 
resonant frequency. Hz. Has the frequency increased or de- 
creased? . Adjust the frequency control until the voltage you 
measure across the coil is maximum to set the generator to the new reso- 
nant frequency. Does the dial reading agree with the computed frequency? 


~ 
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Discussion 





In step 18 you replaced the 1000 ohm resistor with a jumper wire. You then 
predicted the effects this would have on the various circuit parameters. Now check 
your predictions. 


In step 19, you verified that the resonant frequency did not change. You expect 
this since the values of L and C solely determine the resonant frequency. 


Without the resistance of R,, more current flowed through L and C. Consequently, 
the voltage drop across both L and C increased. You proved this in steps 20 and 
21. Both E, and Ec increased in value. 


In step 22, you measured the output of the generator. The generator output de- 
creased because the LC circuit had a lower impedance than the previous RLC 
circuit. This created a greater loading effect. 


Since E, increased even with E;n lower, the Q of the circuit must have increased. 
You proved this when you calculated the value of Q in step 23. 


In step 24 you computed the new bandwidth. The bandwidth decreased because 
( the Q increased. You verified this in steps 25, 26, and 27. 


Finally, in step 28 you increased the value of the capacitor. This resulted in a 
decrease in resonant frequency. The new resonant frequency was about 4862 Hz. 
The dial reading you obtained in step 28 should be somewhere close to this point. 
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Procedure (continued) 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


Reconstruct the circuit as shown in Figure 5-13D (be sure to reinstall a 
1 KQ resistor into the circuit and change the capacitor value back to .001 
HF). Set the generator range switch so that you can adjust your frequency 
between 2000 Hz and 20 kHz. Connect the AC voltmeter across C}. Be sure 
to observe proper grounding. 


You will plot the response curve of your RLC circuit. To obtain the best 
results, adjust your generator through the range of frequencies and watch 
the voltage drops before you record any values. This will give you an idea 
of how the circuit responds. 


Adjust the frequency control knob for 2000 Hz. The frequency is 
kHz. The voltage across the capacitor (Ec) is 
VAC. 


Rotate the frequency control knob so that it is half way between 2000 Hz 
and 20 kHz. The frequency is kHz. The voltage across the 
capacitor is VAC. 


Rotate the frequency control knob clockwise to 20 kHz. The frequency is 
kHz and the voltage is VAC. 


Now that you have a general idea of the increments of voltage and fre- 
quency for your series RLC circuit, use your oscilloscope and AC voltme- 
ter to plot at least 20 different points across the frequency range. Record the 
values on a separate piece of paper. 


Refer to Figure 5-14. Establish a scale for the vertical (Ec) axis that allows 
you to plot your maximum and minimum voltages across most of the graph. 


Then, plot the values you measured on the graph. 


Connect the plotted points with a continuous line to form a response curve. 


At what frequency is Eç maximum? Hz. What is the value of 
Ec at this frequency? VAC. 
Multiply this value of Ec by 0.707. Ec x 0.707 = VAC. Mark 


this voltage on the curve at the points above and below resonance. 


Place a second 1 kQ resistor in series with R, so that the total resistance in 
series with L and C is 2 KQ. 


Repeat steps 30 through 36 for this new circuit. Plot the new response curve 
in Figure 5-14. 


Switch the Trainer off and remove the circuit components from the Trainer. 
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FREQUENCY 


20kHz 


10kHz 


2kHz 


93 


Figure 5-14 
Plot your values here. 


5-46 | unit Five 


Discussion 


In this part of the experiment you drew two response curves for the series reso- 
nant circuit. Typical response curves are shown in Figure 5-15. Your curves should 
resemble these. Three things about these curves are particularly interesting. First, 
maximum voltage always occurs at resonance. Second, when R increases the 
amplitude of Ec decreases. Third, the bandwidth increases when R increases. 


FREQUENCY 


2kHz 10kHz 20kHz 





Figure 5-15 
Typical curves for the series resonant circuit. 


Inductive Circuits 5-47 





PARALLEL RESONANCE 


Up until now you were concerned with only resonant circuits in which the ca- 
pacitor is in series with the inductor. In this section, you will consider another 
type of resonant circuit called a parallel resonant circuit. When the capacitor is 
placed in parallel] with the inductor, the characteristics of the resonant circuit 
change completely. 


Ideal Circuit 


A parallel resonant circuit is shown in Figure 5-16. You know that the circuit is in 
the resonant condition because X, equals Xc. Thus, the applied AC signal is at 
the proper frequency to cause the circuit to resonate. 


10 VAC 
SOURCE A XL = 1000 


Figure 5-16 
Parallel resonant circuit. 


To simplify the explanation of this circuit, initially assume that Land C are ideal 
components so that there is no resistance in the circuit. Of course, in practical 
circuits there is always some resistance and you will consider its effects later. But 
for now, you will see what would happen in an ideal parallel resonant circuit. 


When you temporarily disconnect the capacitor from the circuit as shown in Fig- 
ure 5-17A, you can use Ohm’s Law to determine the current through the coil: 


This current must be supplied by the AC source. Since L is a pure inductor, I; 
must lag the applied voltage by 90°. 
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If you reconnect the capacitor and disconnect the inductor as shown in Figure 
5-17B, you can determine the current through the capacitor with Ohm’s Law: 


_E_10V_ 
k-z ioa A 





C DISCONNECTED 


A Ee L DISCONNECTED 
Ic ye 
SOURCE X_ = 1000 10 VAC t 
SOURCE E 





Figure 5-17 
Current in the parallel resonant circuit. 


However, you will recall that in a capacitor the current leads the voltage by 90°. 
Thus, Ic must lead the applied voltage by 90°. Now consider the operation of the 
complete circuit. If Iç leads the applied voltage by 90° and Į, lags the applied 
voltage by 90°, Ic must be 180° out of phase with I,. This means that when the 
current is flows in one direction through L, an equal current must flow in the 
opposite direction through C. 


At the instant when 0.1 A is flows up through L, exactly 0.1 A must flow down 
through C. Now when you apply Kirchhoff’s current law to point A in Figure 
5-17C, you discover that no current flows into or out of the source. That is, the 
same current that flows up through L also flows down through C and no current 
flows to or from the source. On the next alternation, the current flows up through 
C and down through L, but still no current flows in the external circuit. The 
current simply oscillates back and forth between the capacitor and the coil. 


In the ideal parallel resonant circuit, the source voltage is required only to start 
the oscillation. Once started, you can disconnect the source and the oscillations 
will continue indefinitely. As you learned earlier, this is true only if there are no 
losses in the circuit. 
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Now consider how the parallel resonant circuit appears to the AC source. The AC 
voltage is applied across the LC combination and yet no current flows to the 
source. Consequently, as far as the source is concerned, the circuit appears to be 
open. That is, it appears to have infinite impedance. 


Flywheel Effect 


The ability of a parallel] resonant circuit to sustain oscillation after you remove 
the source voltage is called the flywheel effect. It gets this name because the 
action is similar to that of a mechanical flywheel. Once the mechanical flywheel 
has been started, it tends to keep going until it is stopped by friction or some 
outside force. The flywheel effect of the parallel resonant circuit is illustrated in 
Figure 5-18. 


APPLIED 


VOLTAGE 
pf TENOVED 
aa 







APPLIED 
VOLTAGE 








Figure 5-18 
The flywheel effect. 
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Initially, energy is supplied to the circuit by an AC source. Once it starts, the 
energy is alternately stored by the capacitor and then by the coil. You will now 
pick up the action at the point where C is fully charged as shown in Figure 
5-18A. 


You can remove the applied voltage since it has supplied the necessary starting 
energy. As shown in Figure 5-18B, the capacitor begins to discharge through L. 
As current flows through L, a magnetic field builds up around the inductor. 


When C is discharged, the current through L tends to stop. Consequently, the 
magnetic field around L collapses which induces an EMF with the polarity shown 
in Figure 5-18C. This keeps the current flowing in the same direction and charges 
C to the polarity shown. 


After the magnetic field collapses, the condition shown in Figure 5-18D exists. 
Here, the capacitor is again fully charged. At the next instant, the capacitor be- 
gins to discharge. This time, the current flows in the opposite direction through 
the coil as shown in Figure 5-18E. This causes a magnetic field of the opposite 
polarity to build up around L. 


When C again discharges, the current through L tries to stop and the magnetic 
field collapses. As shown in Figure 5-18F, an EMF is induced which tends to 
keep current flowing in the same direction. Thus, C is again charged to its initial 
polarity. 


At this point the cycle repeats itself. As you can see, the energy is simply inter- 
changed between the capacitor and the coil. Initially, the energy is stored as an 
electrostatic field in the capacitor. Then, it is stored as a magnetic field around 
the inductor. Theoretically, neither the capacitor nor the coil dissipates energy. 
Therefore, the oscillations would continue indefinitely if there were no losses in 
the circuit. 


Because a circuit of this type can store energy, it is commonly called a tank 
circuit. 
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Practical Tank Circuits 





The ideal tank circuit has no resistance and no losses of any kind. Unfortunately, 
such a tank circuit does not exist. The capacitor, the coil, and the interconnecting 
wires all have resistance. Normally, though, only the resistance of the coil is high 
enough to be important. Thus, in reality, you must analyze practical tank circuits 
as if there were a resistor in series with the inductor as shown in Figure 5-19. R 
represents the resistance of the coil. 


R = RESISTANCE 
OF COIL 





Figure 5-19 
Practical tank circuit. 


Unlike reactance, resistance dissipates power. As the current oscillates between 
ai the coil and the capacitor, the resistor dissipates some of the power in the form of 
; heat. Consequently, some of the energy is removed from the tank circuit during 

each cycle. For this reason, in a practical tank circuit, the oscillations will quickly 
die out if the AC source is disconnected. Figure 5-20 shows how the voltage 
waveform across the tank circuit would look. Each cycle gets progressively weaker 
as the resistance gradually dissipates the energy stored in the circuit. The wave- 
form that is produced is called a damped sine wave. 


VOLTAGE 


TIME ———tm 


Figure 5-20 
Damped sine wave. 


Because there is power loss in the circuit, the source must supply power to make 
up for the loss. Thus, the AC source provides just enough power to make up for 
that lost by the resistance. The result is that some current flows from the AC 
source to the tank circuit. If the resistance value in the tank is high, more power is 
dissipated, and the current from the source is higher. 
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This may seem to contradict Ohm’s Law since current is inversely proportional 
to resistance. The resistance does limit the circulating current within the tank. 
However, in doing so, it consumes power. This power must be supplied by the 
AC source. Therefore, the current from the source must increase. 


Q in Parallel-Resonant Circuits 


In the series resonant circuit you divided the applied voltage, Ein, into either Ec 
or E, to find Q. This does not work in the parallel resonant circuit since E;n is 
applied directly across both C and L. In the parallel resonant circuit, you are 
concerned with current rather than with voltage. Thus, in the parallel resonant 
circuit, you divide the source current into the tank current to determine Q. Recall 
that in a good tank circuit the source current is quite low, while the circulating 
current can be very high. Therefore, 


= Trank 
Isource 


If the source current is 1 mA and the tank current is 100 mA, the Q is: 


Tyanx_ _ 100 mA 
=e ee = 100 
Tsource 1mA 


As with the series resonant circuit, you can also express Q as the ratio of X}, or 


Xo to R. That is: Q = E . Ris the total AC resistance within the tank. It can be 


somewhat higher than the value of R you measure with an ohmmeter. 


In the parallel resonant circuit, you can think of Q as a magnification factor. 
However, in this case it is not the voltage that is being magnified but the imped- 
ance. Because the source current is minimum at resonance, the impedance of the 
tank circuit is maximum at resonance. The impedance of the tank equals the 
reactance of L or C times the Q. That is: Zypanx = Xz, (Q) or Zrang = Xc (Q). If 
the value of X,, or Xc, at resonance is 1000 ohms and the Q is 100, the imped- 
ance of the tank is: 


Zrank = Xz (Q) 
TANK = 1000 Q x 100 


Zrank = 100,000 Q or 100 kQ 
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You can transpose the above equation to develop another useful equation. That 
is: 


Thus you have three equations for Q. These are: 


-Ir _ x — Zan 
gare QR oe, 


Of these equations, the last one is the most useful to determine Q. It is difficult to 
use the first equation because it is hard to measure the AC current. The second 
equation also presents problems because it is hard to determine the total AC re- 
sistance. 


To use the last equation, all you need are the values of X, and Zyanx. You can 
easily compute X; if you know the value of L. Furthermore, you can use method 
shown in Figure 5-21 to easily determine the impedance of the tank. 


ER=1V 
R 


Etank = 1V 


Figure 5-21 
When Ep = Etank: Zrtank = R 


Here, a variable resistor has been placed in series with the tank circuit. At the 
resonant frequency, you adjust the resistor until the voltage across the resistor 
equals the voltage across the tank. That is: Er = Eyanx = 1 /2 E,,. At this point, R 
drops the same amount of voltage as the tank. Thus, R must be equal to the 
impedance of the tank. You now disassemble the circuit and measure the value of 
R with an ohmmeter. This tells you the value of Zrang. You can now use this 
value in the equation to determine the Q of the circuit. 
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Bandwidth in Parallel-Resonant Circuits 


Like the series resonant circuit, the parallel tank circuit responds to a band of 
frequencies rather than a single frequency. Figure 5-22 shows a typical response 
curve. Note that this curve has the same shape as the response curve shown 
earlier for the series resonant circuit. However, if you examine Figure 5-22 more 


closely, you see that it shows the impedance of the circuit rather than the current 
through the circuit. 






100kKQ b#—--———- — --- - ae — - - - - - - - 


IMPEDANCE —t 





1000Hz 
FREQUENCY ——t 


Figure 5-22 
Response curve of parallel resonant circuit 
(impedance vs. frequency). 


At the resonant frequency, the impedance is maximum. Below resonance, the 
coil offers a low reactance and the impedance falls off. Above resonance, the 
capacitor offers a low reactance and the impedance again falls off. 
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Because the source or line current is inversely proportional to the impedance, the 
current response curve has the shape shown in Figure 5-23. Note that the line 
current decreases as you approach the resonant frequency. 


LINE CURRENT —-# 





1000Hz 
FREQUENCY —————- 


Figure 5-23 
Response curve of 
parallel resonant circuit 


(current vs. frequency). 


As is case with the series-resonant circuit, the Q of the circuit determines the 
width of the band of frequencies to which the circuit responds. You determine the 


bandwidth with the formula: BW = e . If a parallel resonant circuit has a reso- 


nant frequency of 1000 Hz and a Q of 20, the bandwidth is: 
— fo _ 1000 Hz _ 
BW= O- 20° 50 Hz 


Thus, it responds to the band of frequencies between 975 Hz and 1025 Hz. 
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Often, a parallel-resonant circuit is more selective than you would like. That is, it 
responds only to a very narrow band of frequencies. In these cases, you can 
connect a relatively small value resistor across the tank circuit as shown in Fig- 
ure 5-24A to increase the bandwidth. The resistor provides an alternate path for 





line current. Thus, the line current increases. Recall that Q = Trang . For this 
LINE 


reason, Q is inversely proportional to the line current. If the line current increases, 


Q must decrease. However, the formula BW = k shows that the bandwidth is 


inversely proportional to Q. Thus, if Q decreases, the bandwidth increases. There- 
fore, when you connect a resistor across the tank circuit, you increase the band- 
width. This is often called loading the tank circuit. 


WITHOUT R 





IMPEDANCE 


FREQUENCY ————-@ 


Figure 5-24 
By loading the tank circuit 
you can increase the bandwidth. 


Inductive Circuits | 5-57 


Figure 5-24B shows the effect that the resistor can have. Without the resistor, the 
impedance is extremely high and the circuit responds only to a very narrow band 
around the resonant point. When you add a 1000 ohm resistor, the additional 
parallel path for current reduces the impedance and broadens the bandwidth. A 
100 ohm resistor reduces the impedance still further and stretches the bandwidth 
even more. 


Distributed Capacitance and Self Resonance of Coils 


As you learned earlier, every coil has a certain value of distributed capacitance. 
That is, the coil acts as if a small value capacitor is connected in parallel. At some 
frequency, the coil and this value of distributed capacitance form a parallel reso- 
nant circuit. At this frequency, the coil is referred to as self-resonant. Thus, a 
single coil can have the characteristics of a parallel resonant circuit at its self- 
resonant frequency. 


Power Factor and the Parallel-Resonant Circuit 


In industrial applications of AC electronics, especially where large motors are 
used, power factor is an important consideration. To see why this is so, you will 
first look at a typical industrial situation. 


Figure 5-25 depicts the entire circuit load for a small factory: a number of mo- 
tors, lighting fixtures, and other components which are connected in parallel. 
This load is connected to a 120-volt, 60 Hz source. The line current is 50 amperes 
and the power factor for the entire circuit is .707. Remember, power factor equals 
the true power divided by the apparent power, and is the same as the cosine of the 
phase angle. 






TOTAL 
INDUSTRIAL LOAD 


p 


Figure 5-25 
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Since the motors are inductive, the load appears to be inductive. Figure 5-26 
shows the current vector diagram for the circuit. Note that the line current, 50 
amps, is the current through the impedance of the entire circuit and is shown on 
the hypotenuse of the current triangle. You use the trigonometric relationships 
that were described earlier to calculate the current through the resistive portion 
of the circuit, 35.35 amps, and the current through the reactive portion of the 
circuit, 35.35 amps. 


At any rate, the industrial customer must pay the utility company for the power 
that appears to be used in the circuit. You use the line current and the voltage 
applied to calculate the amount of power that is consumed. This “power” is: 


120 volts x 50 amps = 6000 volts/amps 


Note that the power company considers the power used in the factory to be the 
same as the number of volt/amps or apparent power for the circuit. As you know, 
the inductive portion of the circuit does not actually consume power. It merely 
stores energy and then releases it. This, however, is not taken into consideration 
when the power consumption is calculated. 


There is a way to correct this obvious problem. Remember, the current through a 
resonant parallel circuit is minimum. That is, in a parallel-resonant circuit, the "~ 
line current is equal to the current through the resistive portion of the circuit. All 
other current, that is, the current through the inductive and capacitive portions of 

the circuit, circulates through the circuit but does not contribute to the line cur- 

rent. 


In order to bring the calculated power use more into line with the amount of 
power actually being used, it is necessary to add a capacitor in parallel with the 
inductive circuit. Since X, and X, are equal at resonance, you must first deter- 
mine the inductive reactance of the circuit before you can determine the size of 
the necessary capacitor. 


To do this, apply Ohm’s Law to the inductive portion of the circuit. The induc- 
tive reactance is: 


X, = E = 120 volts__ 3 39 ohms 


~ [ ~ 35.35 amps 
Since X, and X, are equal: 
aalo 1 
3.39 = FC = G28 x 6OXC 
Now transpose: a 


Cc 


ites elle 
= G28 X60 X3.39 ~ 000783 f 
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When you add a 783 LF capacitor in parallel with the industrial circuit, the circuit 
becomes a parallel-resonant circuit. Now, when you calculate power consump- 
tion, only the true power is indicated. The power consumed by the parallel reso- 
nant circuit is: 


P = 120 volts x 35.35 amps = 4242 watts 


Capacitor Ratings 


The capacitors that are actually used to correct the power factor in industrial 
applications are rated in kilovars. To determine the size of the capacitor neces- 
sary to correct a particular circuit, you must know the inductive power that is 
used in the circuit. For the example, this is: 


reactive power = 120 volts x 35.35 amps = 4242 VARS 


To calculate the rating of the capacitor for the circuit, simply divide the number 
of VARS by 1000 like this: 


4242 _ : 
1000 = 4.242 kilovars 


A 4.424 kilovar capacitor is needed to correct the circuit. 


Calculated Power Savings 


Utility companies usually bill customers for the number of kilowatt hours that 
are used during a given period. To convert the power used into kilowatt hours, 
you use the formula: 


watts 
1000 





kilowatt hours = x time 


Now calculate the power saving for the typical industrial customer for an 8-hour 
day. Without a corrected power factor, the industry uses: 


kw hrs = 6000 X x 8 hrs = 48 kw hrs 


Now, with a corrected power factor, the power company supplies the industry 
with: 


— 4242 w = 
kw hrs = 1000 xX 8 hrs = 33.94 kw hrs 





As you can see, the savings for a single day amounts to somewhat more than 10 
kw hrs, or almost a 23% reduction in consumed power. 
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Programmed Review 


61. A parallel LC circuit is resonant at the frequency where X, equals 


. (X,) At resonance, a high current can flow between the capacitor and 
the coil. These oscillations can continue even after you remove the 
source voltage. This phenomenon is called the effect. 


. (flywheel) In an ideal circuit, the oscillations could continue indefi- 
nitely without additional energy from an outside source. However, in 
practical circuits, the energy is quickly dissipated by the 
in the circuit. 


. (resistance) Some resistance always exists in a tank circuit. Generally, 
the largest source of resistance is the AC resistance of the 


. (coil or inductor) If the circuit is to continue to oscillate, the energy 
that is dissipated by the resistance must be constantly replaced by the 
C source. Thus, some always flows from the source. 


. (current). However, at resonance, the current supplied by the source is 
than the current flowing in the tank. 
smaller /larger 


. (smaller) In fact, at resonance, the line current is 
but the tank current is ; minimum/maximum 
minimum /maximum 


. (minimum, maximum) Because the line current is minimum, the 
tank circuit offers a high to the line current. 


. (impedance) In parallel-resonant circuits, Q is defined in terms of the 
line current (L inp) and the tank current (Liang). The formula for Q is: 


Q= 
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70. (Q= STANK ) If the line current is 2 mA and the tank current is 100 mA, 
LINE 


the Q of the circuit is 


. (50) The impedance of the tank equals the reactance times the Q. That 
is: Z = X, (Q). You can rearrange this equation to express Q in terms of 
Z and X,. Thus, Q = 


. (Q= 2 ) A practical tank circuit responds to a band of frequencies. 
L 


The resonant frequency and Q determine the width of this band. The 
equation is: BW = 


fo 
Q 
width of 


. (BW = 7 ) A circuit with an fọ of 64 kHz and a Q of 16 has a band- 


. (4 kHz) Thus, it responds to frequencies between 
and kHz. 


. (62 kHz and 66 kHz) You can add a in parallel with the 
tank to broaden bandwidth of a tank circuit. 


. (resistor) This the impedance and 
increases/decreases increases/decreases 


the Q of the circuit. 


. (decreases, decreases) 
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EXPERIMENT 8 


Parallel Resonance 


OBJECTIVES: To compare tank voltage drops with line voltage drops. 
To calculate the resonant frequency of a tank circuit. 


To explain the relationship between the tank impedance and 
the Q of a parallel resonant circuit. 


Introduction 


You can demonstrate many of the characteristics of the parallel-resonant circuit 
through experimentation. In this experiment, you will examine the characteris- 
tics and operation of two parallel-resonant circuits. 


Material Required 


Heathkit Analog Trainer 

Oscilloscope 

Volt-ohmmeter 

1 — 107 mH coil (#45-610) 

1 — .01 pF capacitor 

1 — .0022 uF capacitor 

2 — 4700 Q, 1/2-watt resistors (yellow-violet-red) 


Procedure 


1. Construct the circuit shown in Figure 5-27. Make sure the inductor’s core 
is centered in the coil. 


2. Use the circuit values given to compute the resonant frequency. fo = 
Hz. 


3. Set your AC voltmeter or oscilloscope to a range that will allow you to 
measure the maximum output voltage of your Trainer’s sine wave Genera- 
tor. 
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Ry 
SINE 4.7kQ 
GENERATOR .0022 pF 
107mH 


Figure 5-27 


4. Set the Trainer Generator range to produce a sine wave output of approxi- 
mately 20 kHz. Then, adjust the frequency control until there is a minimum 
voltage drop across R». The frequency is Hz. The frequency 
that you just measured should be close to the calculated value. 


5. With the frequency dial at the point you set in step 4, measure the voltage 
across R, and record it in the space provided. Egz = 
Reconfigure the circuit so it appears like the one in Figure 5-28. To do this, 
interchange the leads from the generator. Measure the voltage across R; and 
record the value in the space provided. Ep; = . Which voltage 
is greater, Ep, or Epo? . Since the two resistors have the same 
value, which has more current flowing through it? 









SINE 


0022 pF 
GENERATOR 


6. Interchange the leads from the generator once more so that the circuit ap- 
pears like the one shown in Figure 5-27. Connect the voltmeter across resis- 
tor R, and replace resistor R; with a jumper wire. What happens to the 
voltage across R, when R, is removed from the circuit? 
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Discussion 


In the first part of the experiment, you constructed the parallel-resonant circuit 
shown in Figure 5-27. Note that R, is in the tank circuit while R, is in series with 
the tank. The computed resonant frequency is about 10,480 Hz. In step 3 you 
adjusted the frequency control until the voltage across R, was minimum. This 
occurred when the line current was minimum. In other words, it occurred at 
resonance. The resonant frequency you read from the dial should have been rea- 
sonably close to the value you computed in step 2. 


In step 5, you compared the voltage across the 4.7 kQ resistor in the tank, Rj, 
with the voltage across the 4.7 kQ resistor in the line, R>. The voltage across R; 
should have been higher since, at resonance, the circulating tank current was 
greater than the line current. 


In step 6 you shorted out the resistor in the tank while you monitored Ep. You 
found that Egz decreased. This means that the current through R, decreased. At 
first this may seem to contradict Ohm’s Law. After all, normally when you short 
out a resistor in one branch of a parallel circuit you expect the total current to 
increase. However, this case is different. Due to the resonance phenomenon, 
shorting R, does increase the current within the tank. However, recall that the 
only thing the line current does is to make up for the losses within the tank. The 
main loss within the tank is the energy dissipated by R,;. When you short R,, it 
dissipates no energy and the losses within the tank are less. Consequently, the 
line current decreases. 


You can also explain the decrease in line current in another way. Recall that 


Q= x . When you short R, to decrease R, Q increases. In a parallel-resonant 


circuit, Q is the impedance magnification factor. Thus, if Q increases, so does the 
impedance of the tank. This increase in impedance causes a decrease in the line 
current. These explanations are simply two different ways of saying the same 
thing. 


Procedure (continued) 
7. Disassemble the previous circuit. Connect an ohmmeter between pins 1 
and 2 of the 100 k ohm potentiometer on the Trainer. Adjust the potentiom- 


eter until the ohmmeter indicates 20 k ohms. 


8. Leave the potentiometer set to this point while you construct the circuit 
shown in Figure 5-29. 


9. Use the circuit values given to compute the resonant frequency. fo = 
Hz. 
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Figure 5-29 
Circuit for steps 7 through 19. 


10. Connect the AC voltmeter between pins 1 and 2 of the 100 kQ potentiom- 
eter. 


11. Set the generator range switch to high. Adjust the frequency control for 
minimum voltage across the potentiometer. The frequency dial reads 
Hz. Compare this with the resonant frequency you computed 

in step 9. Are the two frequencies about the same? 


12. Leave the frequency control set to this point. Measure the voltage between 
the SINE and GND terminals of the generator. Ein = VAC. 


13. Divide this value by two. F2 = VAC. 


14. Reconnect your voltmeter between pins 1 and 2 of the 100 kQ potentiom- 
eter. Adjust the 100 kQ potentiometer until the meter indicates the value 
you computed in step 13. 


15. Without moving the arm of the 100 kQ potentiometer, disconnect the cir- 
cuit. Use an ohmmeter to measure the resistance between pins 1 and 2 of the 
100 kQ potentiometer. The resistance is ohms. 


16. Since this resistance dropped one half on E;n, the impedance of the tank 
(Zranx) must have dropped the other half of Ein. Therefore, Zrank = 
ohms. 


17. Use the formula X; = 27fL to find the X, of the coil. X, = 
ohms. 


18. Use the formula Q = Trn to find the Q of the circuit. Q = 
L 


5-66 | UNIT FIVE 


Discussion 


In this part of the experiment, you constructed the circuit shown in Figure 5-30. 
The computed resonant frequency of this circuit is about 4862 Hz. In step 11, the 
frequency control should have been set somewhere in the vicinity of this point 
on the dial. Next, you adjusted the 100 kQ potentiometer so that it dropped one 
half of the applied voltage. Since the tank also dropped one half of the applied 
voltage, the impedance of the tank was the same as the resistance of the potenti- 
ometer. Thus, to find the impedance you measured the value of the potentiom- 
eter. Typically, the impedance should have been about 50,000 ohms. Once you 
know Zranx, you could easily find the Q of the circuit. 






SINE 107mH 


GENERATOR 


Figure 5-30 
Schematic diagram of the circuit 
shown in Figure 5-29. 


The computed X, of the coil was 3267 ohms. Thus, the Q was about: 





_ Zrank 
Q g X, 

_ 50,000 
Q= 3967 
Q=15 


These are typical values and can vary somewhat depending upon component 
tolerances, the accuracy of your ohmmeter, and voltmeter loading. 


LC FILTERS 


In an earlier unit you saw that Rç and R, circuits pass some frequencies more 
easily than others. When an R¢ or R, circuit is especially designed to be fre- 
quency selective, the resulting circuit is called a filter. 


In this unit you saw that LC circuits are frequency selective. Therefore LC cir- 
cuits can make good filters. 


Types of Filters 


There are several types of filters used in electronics. Generally, you can place a 
basic filter circuit in one of four categories. 


A band-pass filter is designed to pass a narrow band of frequencies while it re- 
jects both higher and lower frequencies. These filters are used in radios and TV 
receivers to pass the frequencies of the desired station while they block the fre- 
quencies of all other stations. 


A band-stop filter is designed to pass all frequencies except a narrow band. You 
can use this type of filter to clip out an annoying frequency without interfering 
with wanted frequencies. 


A low-pass filter is used to attenuate all frequencies above a certain cutoff fre- 
quency. Thus, it passes low frequencies but blocks high frequencies. 


A high-pass filter has the opposite characteristics. It passes signals above the 
cutoff frequency but blocks those below. 


All four types of filters are commonly used. The frequencies which are blocked 
or passed depend upon the component values used and how the components are 
arranged. You will now look at some typical filters beginning with the band-pass 
filter. 
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Band-Pass Filter 


A very simple band-pass filter is shown in Figure 5-31A. The filter is the series- 
resonant circuit that is formed by L and C. R, is the load to which the voltage is 
applied. At the resonant frequency, the series-resonant circuit has a very low 
impedance. Thus, it drops very little of the applied voltage, E,,. Most of the 
voltage is developed across R,. Consequently, E,,, is high at the resonant fre- 
quency. 


Rs 


c L RL? Eur 





FREQUENCY ——e 


Figure 5-31 
Band-pass filter. 


Below the resonant frequency, the Xc of the capacitor is higher than the resis- 
tance of R}. Consequently, most of E;n is dropped by C. This leaves only a small 
voltage across R. Thus, E,y is a low voltage. 


Above the resonant frequency, the X, of the coil is higher than R}. Therefore, 
most of the voltage is dropped across the coil and E,,, is again a low voltage. 


Figure 5-31B shows how the circuit responds to a band of frequencies. At the 
resonant frequency of L and C, E,y,, is quite high. Above and below resonance 
Eou drops off quickly to a low voltage. 


Figure 5-31C shows that you can also use the parallel-resonant circuit as a band- 
pass filter. The series-resonant circuit is connected in series with the output, while 
the parallel-resonant circuit is connected across the output. The reason for this 
becomes evident if you remember the characteristics of the parallel-resonant 
circuit. 
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At resonance, the impedance of the tank circuit is extremely high. Consequently, 
very little current flows through the tank circuit and most of the current flows 
through R,. The current through R, is maximum at resonance. 


Below resonance, the X, of the coil is quite small compared to the value of R}. 
Thus, most current flows through L and very little flows through Ri. Above reso- 
nance, most of the current flows through the capacitor which leaves little current 
for Ri. That is, above and below resonance, R, is partially shorted out by the low 
impedance of the tank. Thus, most of the applied voltage is dropped across Rs. 
However, at resonance, the impedance of the tank is high and R, is no longer 
shorted. 


Figure 5-32A shows another type of band-pass filter. This one uses a transformer. 
Recall that the windings of a transformer have an inductance value like any other 
coil. Therefore, you can connect a capacitor across one of the windings to form a 


parallel-resonant circuit. 
B 


Figure 5-32 
A tuned transformer can act as a band- 
pass filter. 


A 
vy 


Ein 








In Figure 5-32A, C, is connected across the primary of the transformer. This 
causes the transformer to respond much more readily to the resonant frequency 
than to other frequencies. Recall that at resonance the circulating current within 
the tank is at its maximum value. This heavy current in the primary of the trans- 
former develops a strong magnetic field. Consequently, maximum voltage is 
coupled to the secondary at the resonant frequency. Frequently both the primary 
and the secondary are tuned as shown in Figure 5-32B. The bandwidth of this 
circuit depends mainly upon three factors: the Q of the tuned primary circuit, the 
Q of the tuned secondary circuit, and the coefficient of coupling. When the coef- 
ficient of coupling is close to 1, the bandwidth is extremely broad. However, 
when the coefficient of coupling is very low, the bandwidth is quite narrow. 
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Band-Stop Filter 


The response of the band-stop filter is opposite to that of the band-pass filter. 
That is, the band-stop filter stops, attenuates, or rejects the frequency to which it 
is tuned. 


Figure 5-33A shows a simple band-stop filter. Here L and C form a parallel- 
resonant circuit which is in series with the load, R}. At resonance, the impedance 
of the tank circuit is much higher than the resistance ofR,. Consequently, most 
of Ein is dropped across the tank and very little voltage is available at the load. 
Above and below resonance, the resistance of R is higher than the impedance of 
the tank. Therefore, most of E,, is developed across R,. Figure 5-33B shows the 
response of the circuit. The Q of the resonant circuit determines sharpness of the 





curve. 
L 
A B ‘ 
ts 
EIn (~) Eout 2 
fj 
= 
A 
z 
< 
= FREQUENCY ——~ 
Rs 
C 
L 
EIN © R, Eout 
c 
Figure 5-33 
The band-stop filter. 


Another circuit that produces about the same response is shown in Figure 5-33C. 
Here, a series-resonant circuit is connected across the load. At resonance, the 
series-resonant circuit offers a very low impedance to current flow. This shorts 
most of the current around the load. Most of the applied voltage is dropped across 
Rs. Above and below resonance, the impedance of the filter is much higher and 
R, is no longer shorted out. 
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Low-Pass Filter 


A low-pass filter passes all frequencies below a certain cutoff frequency. A simple 
low-pass filter is shown in Figure 5-34A. At low frequencies X, is lower than the 
resistance of R}. Thus, most of E;n is developed across R}. Furthermore, the Xc 
of the capacitor is high at low frequencies. Thus, most of the current flows through 
R,. As you can see, E,,, is quite high at low frequencies. 





L 
A B 4 
$ tu 
EIN C ŠRL EUT 2 
a 
a. 
= 
<x 
FREQUENCY ——# 
Figure 5-34 


Low-pass filter. 


The situation reverses at high frequencies. The X, of the coil increases and drops 
most of applied voltage. Only a slight voltage is developed across R,. Further- 
more, the Xc of the capacitor decreases so that most of the current is shunted 
around R,. Hence, the filter effectively blocks high-frequency signals. The re- 
sponse of the filter is shown in Figure 5-34B. 


High-Pass Filter 


The high-pass filter passes all frequencies above a certain cutoff frequency. Fig- 
ure 5-35 shows the high pass filter and its response curve. At high frequencies X¢ 
is low and X, is high. Thus, the capacitor and coil have little effect. Most of E,, is 
developed across R;. At low frequencies, Xc is high and X, is low. Thus, the high 
value of Xc drops most of the applied voltage while the low value of X, tends to 
short Ry. Thus, the circuit passes high frequencies but blocks lower frequencies. 


A B 


Ein (a) L R, Fout 
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Figure 5-35 
High-pass filter. 
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Programmed Review 


78. A circuit that is designed to pass some frequencies and block others is 
called a 


. (filter) Many filters use coils and capacitors together to produce a 
desired frequency response. A series resonant LC circuit has mini- 
mum impedance at resonance. Thus, if this type of filter is connected 
in series with a load, it will pass the frequency to the 
load. 


. (resonant) This is an example of a band- 


. (pass) If the same series-resonant circuit is placed across the load, it 
will short out the load at the resonant frequency. This is an example of 
a filter. 


. (band-stop) You can also use the parallel-resonant circuit as a filter. 
When it is connected in series with a load, it forms a 
filter. 


. (band-stop) On the other hand, you can connect the parallel-resonant 
circuit across the load to form a filter. 


. (band-pass) A low-pass filter blocks all frequencies its 
cutoff frequency. above/below 


. (above) A high-pass filter passes all frequencies its cut- 
off frequency. above/below 


. (above) In a low-pass LC filter, the is connected in 
capacitor/coil 
with the load but the is connected across the load. 
capacitor/coil 
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87. (coil, capacitor) In the high-pass LC filter, the is 
capacitor/coil 
connected in series with the load, but the is connected 
across the load. capacitor/coil 


88. (capacitor, coil) Figure 5-36 shows the response curves of the four 
basic types of filters. Match the following: 


band-pass A. Figure 5-36A 
band-stop B. Figure 5-36B 
High-pass C. Figure 5-36C 
Low-pass D. Figure 5-36D 


AMPLITUDE — 


AMPLITUDE —om 


FREQUENCY —a~ FREQUENCY = 


e s D 





w 
Q 
> 
E 
=} 
a 
= 
= 


FREQUENCY —~ 


AMPLITUDE ~% 


FREQUENCY ~—t 


Figure 5-36 
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89. (1-A, 2-D, 3-C, 4-B) Figure 5-37 shows six types of filters. Match the 
following: 


Figure 5-37A . band-pass 
Figure 5-37B .  band-stop 
Figure 5-37C . high-pass 
Figure 5-37D . low-pass 
Figure 5-37E 

Figure 5-37F 


A 


B 
OT 
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EXPERIMENT 9 


LC Filters 


OBJECTIVES: To identify the frequency response of band-pass, band-stop, high- 
pass, and low-pass filters. 


To graph the frequency response curves for these AC filters. 


To construct series, parallel, and combinational series-parallel 
filter networks. 


To verify the cut-off frequencies, by comparing measured re- 
sults with calculated values. 


Introduction 


In this experiment, you will construct six basic types of filters and plot a response 

‘a curve for each one. Remember that the output voltage for the Trainer is not con- 

l stant for the entire range of output frequencies. For this reason, your frequency 
response curves will not necessarily be exactly like the ones shown in the text. 


Material Required 


Heathkit Analog Trainer 

Oscilloscope 

AC Voltmeter 

1 — 107 mH choke (#45-610) 

1 — .01 uF capacitor 

2 — 4700 Q, 1/2-watt resistors (yellow-violet-red) 
1 — 1000 Q, 1/2-watt resistor (brown-black-red) 

1 — 10 KQ, 1/2-watt resistor (brown-black-orange) 
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Procedure 
1. Construct the circuit shown in Figure 5-38. 


2. Set the generator range switch to the high position. 


107mH O1NF 





Figure 5-38 
Circuit for step 1. 


3. Refer to Figure 5-39. This diagram shows a typical response curve for the a“ 
circuit you built in step 1. The curve was constructed by measuring E,,, at 
several frequencies. 


FREQUENCY 


Eout 





Figure 5-39 
Plot the response curve for the circuit 
shown in Figure 5-38. Y 





10. 


it 

i $ R-s 7kO EoutT 
O1pF ' 

a a A S o 


lk 


Connect your voltmeter across R. Set the generator frequency control fully 
counterclockwise. Measure the voltage across R. The voltage is 
VAC. 


Slowly rotate the frequency control clockwise to the 2 kHz position. The 
voltage across the resistor is: 


Eoutr = VAC 


Continue to turn the frequency control clockwise. Measure the voltage at 
each of the marked points on the frequency dial and at several points in 
between. Try to plot at least 20 different points across the frequency range. 
Record these voltages on a separate piece of paper, in order of increasing 
frequency. 


Refer to Figure 5-39. Establish a scale for Eou on the left-hand graph that 
ensures you can plot your maximum and minimum voltage values. Plot all 
of your voltage measurements, including those you measured in steps 4 and 
5, on the graph. 


Connect the points with a continuous line. Does your curve agree with the 
one originally shown in Figure 5-39? 


Examine the circuit and the response curve. Determine the type of filter. 
The coil and capacitor form a filter. 


Disconnect the previous circuit and construct the circuit shown in Figure 
5-40. 






107mH 
107mH 


Figure 5-40 
Circuit for step 10. 
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11. 


12. 


13. 


Connect the voltmeter across R. Using the procedure outlined in steps 4 
through 8, plot the response curve for this circuit. Use the graph shown in 
Figure 5-41 to plot the curve. 


FREQUENCY 


2kHz 10kHz 20kHz 


Eout 


Figure 5-41 
Plot the response curve for the circuit 
shown in Figure 5-40. 


Examine the circuit and its response curve. Determine the type of filter. 
The capacitor and the coil form a filter. 


Disconnect the previous circuit and construct the circuit shown in Figure 
5-42. 





Figure 5-42 
Circuit for step 13. 
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14. Connect the voltmeter across R, (not R,). Use the above procedure to plot 
the response curve for this circuit on the graph in Figure 5-43. 


FREQUENCY 


2kHz 10kHz 20kHz 


EOUT 





Figure 5-43 
Plot the response curve of the circuit 
shown in Figure 5-42. 


15. Examine the circuit and its response curve. Determine the type of filter. The 
capacitor and the coil form a filter. 


16. Disconnect the previous circuit and construct the circuit shown in Figure 
5-44. 












Ry R 
© 4.7kQ — 3107MH == ote Eout 





Figure 5-44 
Circuit for step 16. 
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17. Connect the voltmeter across R, (not R,). Use the above procedure to plot 
the response curve for this circuit on the graph in Figure 5-45. 


FREQUENCY 


2kHz 10kHz 20kHz 


EOUT 


Figure 5-45 
Piot the response curve of the circuit 
shown in Figure 5-44. 


18. Examine the circuit and its response curve. Determine the type of filter. 
The capacitor and the coil form a filter. 


19. Disconnect the previous circuit and construct the circuit shown in Figure 
5-46. 


107mH 


(~) Eout 





Figure 5-46 
Circuit for step 19. 
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( 20. Connect the voltmeter across R. Use the above procedure to plot the re- 
sponse curve for this circuit on the graph in Figure 5-47. 


FREQUENCY 


2kHz 10kHz 20kHz 


EOUT 


g Figure 5-47 


Plot the response curve for the circuit 
shown in Figure 5-46. 


21. Examine the circuit and its response curve. Determine the type of filter. 
The capacitor and the coil form a filter. 


22. Disconnect the previous circuit and construct the circuit shown in Figure 
5-48. 


4.7kQ 





Figure 5-48 
Circuit for step 22. 
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23. Connect the voltmeter across R. Use the above procedure to plot the re- 
sponse curve for this circuit on the graph in Figure 5-49 to plot the curve. 


FREQUENCY 


2kHz 10kHz 20kHz 


EoutT 


Figure 5-49 
Plot the response curve of the circuit 
shown in Figure 5-48. 


24. Examine the circuit and its response curve. Determine the type of filter. 
The capacitor and the coil form a filter. 


25. Turn the Trainer off and remove the circuit components from the Trainer. 


Discussion 


In step 1 you constructed the circuit shown in Figure 5-38. A typical response 
curve for this circuit was shown in Figure 5-39. In steps 4 through 8 you plotted 
your own response curve for the circuit. The general shape of your curve should 
agree with the typical curve. From the circuit arrangement and the response curve, 
it is obvious that this is a band-pass filter. 


In step 10 you assembled the circuit shown in Figure 5-40. Next, you plotted a 
response curve for the circuit. A typical curve is shown in Figure 5-50. The gen- 
eral shape of your curve should agree with this curve. The circuit arrangement 
and the response curve tell us that this is a band-stop filter. 
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2kHz 10kHz 20kHz 


EoutT 





Figure 5-50 
Typical response curve for the circuit 
shown in Figure 5-40. 


Next, you constructed the circuit shown in Figure 5-42 and plotted its response 
curve. The curve you plotted in Figure 5-43 should agree with the typical curve 
shown in Figure 5-51. This is the response curve of a band-stop filter. 


FREQUENCY 


2kHz 10kHz 20kHz 


EoUT 





Figure 5-51 
Typical response curve for the circuit 
shown in Figure 5-42. 
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In step 16 you assembled the circuit shown in Figure 5-44 and plotted its re- 
sponse curve in Figure 5-45. A typical response curve is shown in Figure 5-52. 
Your curve should be similar. You will recognize that this is the response curve 
of a band-pass filter. 


Next you built the circuit shown in Figure 5-46. A typical response curve is 
shown in Figure 5-53. Your curve should be similar. Because the high frequen- 
cies are blocked, this is a low-pass filter. 


Finally you constructed the circuit shown in Figure 5-48. A typical response 
curve is shown in Figure 5-54. The curve indicates that this is a high-pass filter. 


FREQUENCY 


EoutT 





Figure 5-52 
Typical response curve for the circuit 
shown in Figure 5-44. 
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Figure 5-53 
Typical response curve for the circuit 
shown in Figure 5-46. 
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Typical response curve for the circuit 
shown in Figure 5-48. 
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SUMMARY 


In a series RLC circuit, you find the total impedance with the formula: 


Z = /R? + (XK, — Xo)" 


Or, if X¢ is larger than X,, the formula becomes: 


Z= /R?+(Ke-X) 


With parallel RLC circuits, it is easier to work with currents. The formula to find 


the total current is: 


L=Vk +h -Io 


Or, if Ic is larger than I, the formula is: 


Ir =y k +e- W 


SERIES-RESONANT CIRCUIT 


Current maximum at resonance. 


Impedance minimum at resonance. 


Acts purely resistive at fo. 


At resonance, the source current and 
voltage are in phase. 


Below resonance, the circuit acts 
capacitively. 


Above resonance, the circuit acts 
inductively. 


PARALLEL-RESONANT CIRCUIT 


Line current minimum at resonance. 


Impedance maximum at resonance. 


_ 2TANK 
Xp: 


_ ITANK 
ISOURCE 


= 
Acts purely resistive at fọ- 


At resonance, the source current and 
voltage are in phase. 


Below resonance, the circuit acts in- 
ductively. 


Above resonance, the circuit acts 
capacitively. 





Figure 5-55 


Comparison of series and parallel 
resonant circuits. 
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For any LC circuit, there is a frequency at which X, is equal to X,. This fre- 
quency is called the resonant frequency, fọ. You can determine the resonant fre- 
quency with the formula: 


-159 
2e 


Some of the characteristics of a series-resonant circuit are quite different from 
those of a parallel resonant circuit. The table in Figure 5-55 summarizes the dif- 
ferences and the similarities. The conditions described are generally true for high- 
Q resonant circuits. 


One practical application of tuned circuits is the filter. Figure 5-56 summarizes 
the six basic types of filters that were described in this unit. 


TYPE TYPICAL CIRCUIT RESPONSE CURVE COMMENTS 


PASSES A BAND OF 


BANDPASS FREQUENCIES AROUND Fo. 


FREQUENCY —o 


PASSES A BAND OF 
BAND-PASS FREQUENCIES AROUND Fo. 


FREQUENCY —om 


Le BLOCKS OR ATTENUATES A 
BAND-STOP BAND OF FREQUENCIES 
AROUND Fo. 


FREQUENCY 


BLOCKS OR ATTENUATES A 
BAND OF FREQUENCIES 
AROUND Fo. 


BAND-STOP 


FREQUENCY gam 


BLOCKS OR ATTENUATES 
FREQUENCIES BELOW A 
HIGH-PASS CERTAIN CUTOFF 
a FREQUENCY. 
FREQUENCY» 


BLOCKS OR ATTENUATES 
FREQUENCIES ABOVE A 
CERTAIN CUTOFF 
FREQUENCY. 


LOW-PASS 


FREQUENCY ~i» 





Figure 5-56 
Comparison of filter types. 
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APPENDIX A. RESONANCE NOMOGRAPH 


Figure A-1 is a nomograph which you can use to solve resonance problems. The 
accuracy of this graph is about 5% for most problems. You can use it to solve 
three types of resonance problems. 


It helps you determine the resonant frequency of a series- or parallel-resonant 
circuit when you know the inductance and capacitance values. For example, if a 
100 mH coil is connected in series with a .022 uF capacitor, what is the resonant 
frequency? First draw a straight line from 0.022 uF in the left column to 100 mH 
in the right column. Now read the resonant frequency from the center column. 
Figure A-1 indicates a resonant frequency of about 3.4 kHz. The exact value 
should be 3.383 kHz. As you can see, the graph was fairly accurate. 


You can also use the graph to determine the inductance when you know the 
capacitance and resonant frequency. For example, what value of inductance is 
required to resonant at 3.4 kHz when it connected in parallel with a .022 pF 
capacitor? Draw a straight line is drawn from 0.22 uF on the left column through 
3.4 kHz in the center column. Then read the inductance from the point at which 
this line crosses the right column. 


Finally, you can use the graph to find the capacitance when you know the reso- 
nant frequency and the inductance. Draw a straight line from the two known 
quantities. Then read the capacitance from the point at which this line crosses the 
left column. 
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Resonance Nomograph. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understand- 
ing of the material that was presented in this unit. Place a check beside the mul- 
tiple choice answer (A, B, C, or D) that you feel is most correct. After you com- 
plete the examination, compare your answers with the correct ones that appear 
after the exam. 


1. What is the impedance of the circuit shown in Figure 5-57? 


INW 


8.20 en 
11.2Q 
14.4 Q Xc=150 
18.8 Q R=100 
Figure 5-57 


Circuit for question 1. 


2. What is the impedance of the circuit shown in Figure 5-58? 


Damp 


8.9 Q 
5.5 Q 
1.225 Q 
1.5 Q 


R=100 





Figure 5-58 
Circuit for question 2. 


3. Which of the circuits shown in Figure 5-59 is at resonance? 


DAP 


Figure 5-59A. 
Figure 5-59B. 
Figure 5-59C. 
Figure 5-59D. 
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A Xp =150 B 
Xco=200 
10VAC Xc=5Q 10VAC R=100 
R=150 
10VAC 10VAC X,=100 X¢=100 
Figure 5-59 


Circuit for question 3. 


4. An 8-Henry choke is connected in series with a 2 WF capacitor. What is the 


resonant frequency? 
A. 126.5 Hz. 

B. 12.65 Hz. 

C. 40Hz. 

D. 400 Hz. 


5. Which of the following statements is true of a series-resonant circuit? 


A. Its impedance is maximum at resonance. 

B. The line current is maximum at resonance. 

C. The voltage across the capacitor is always less than the applied volt- 
age. 

D. The Q is directly proportional to the series resistance. 


6. Which of the following statements is true of a parallel-resonant circuit? 


A. Atresonance, the circulating current within the tank is greater than the 
line current. 

B. At resonance, the line current is maximum. 

C. The voltage across the capacitor or coil may be higher than the applied 
voltage. 

D. At resonance, you can find the impedance of the tank with the for- 


.z-Q 
mula: L=% : 
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10. 


A series circuit is resonant at 10 kHz and has a Q of 10. The band of fre- 
quencies to which the circuit responds is from: 


A. 
B. 
Ç: 
D. 


1 kHz to 10 kHz. 

10 kHz to 11 kHz. 

9 kHz to 11 kHz. 
9.5 kHz to 10.5 kHz. 


What value capacitor must you connect across a 56 mH coil to resonate at 


5000 Hz? 

A. 0.55 pF. 
B. 0.018 uF. 
C. 0.4pF 
D. 0.22 pF. 


A variable capacitor has a minimum capacitance of 100 pF and a maximum 
value of 400 pF. When it is connected across a 100 uH coil, you can tune 
the tank circuit to resonate at frequencies between: 


YAW > 


159 kHz to 795 kHz. 
795 kHz to 3.18 MHz. 
1.59 MHz to 3.18 MHz. 
795 kHz to 1.59 MHz. 


Refer to Figure 5-60. L; and C, have the same resonant frequency (fo) as 
L, and C. This type of filter: 


nw 


blocks a band of frequencies around fo. 
passes only the band of frequencies around fo. 
blocks frequencies below fo. 

blocks frequencies above fp. 


Ly 


EIN (~) Eout 


Figure 5-60 
Circuit for question 10. 
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EXAMINATION ANSWERS 
1 B—  Z=/R'+(%,-X,? 
Z=Vy10% + 0209-15 Q7 
Z=V100 + 25 


Z=V125 
Z=11.2Q 


2. A— The first step is to find the current in each leg of the circuit. 


_ EB _10VAC_ 
kez cmo nA 


I =£E=10VAC -05A 


= Ss OO 


Now, you can find the total current: 
Ir=Ve + -1 
Tp=V1A?+(1A-05 Ay 
Iz= V1 +0.5° 
L= /17025 
Ir = v1.25 


Ļ=1.12A 
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Now, you can find the impedance: 


Z= 


aia 


z= 10 VAC 
1.12 A 


Z=8.9Q 


3. D— This is the only circuit in which X, equals Xc. 


KO 


4. C— = fy= bd 


Al 


f= 159 
©” /8 Hx 0.000 002 pF 


fo = 39.75 Hz or about 40 Hz 
5. B— Atresonance, the line current is maximum. 


6. A— At resonance, the circulating current is greater than the line current. 


7. D— The bandwidth is: 


_ fo _ 10 kHz _ 
BW=6= ye = 1 kHz 





The center of this band is 10 kHz. Thus, the band must extend from 
9.5 kHz to 10.5 kHz. 
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8. B— gsl 
AT? fL 





scl u 
= > 
39.4 (5000) 0.056 


Z 1 
ez 39.4 25,000,000)(0.056) 


mii 
C = 35160,000 


C =0.018 uF 


9. D— Determine the minimum frequency: 


f. = 159 
° JLC 
f= 159 
o 4.0001 H x .000 000 0004 pF 
f= .159 
© ¥.000 000 000 000 04 
£ =—159 
© ~ "0000002 
fo = 795 kHz 


Determine the maximum frequency: 


f = -159 
0” VLE 


159 
/.0001 H x .000 000 000 1 pF 


fo = 


f = 159 
o = -0000001 


fo = 1.59 MHz 


( 10. A— L, and C, form a parallel-resonant band-stop filter. L, and C, form a 
series-resonant band-stop filter. Both filters tend to attenuate or block 
a band of frequencies around Fo. 
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APPENDIX B: THE j OPERATOR 


Alternating current is easier to understand when you use graphics to demonstrate 
phase relationships and variations in amplitude. An oscilloscope provides a vi- 
sual representation of measured voltage. To understand complex AC circuits, 
you must be able visualize alternating current. 


The characteristics of a sine wave continuously change through three hundred 
and sixty degrees of rotation. With a graphic representation called a vector plot, 
you can show these changes in both magnitude and direction. That’s because 
every point on a sine wave has a component of magnitude and direction. The 
vector is a method that represents those quantities. 


You have been using vectors throughout the AC course. As you learned, they are 
quite useful for illustrating certain characteristics of AC circuits. This appendix 
has been written as a supplement to the vector theory that was already presented. 
It will show you how to combine many common values, such as individual im- 
pedances, to determine the total circuit impedance. While you will also use vec- 
tor plots to show basic concepts in this presentation, the main purpose of this 
appendix is to show you how to express vectors mathematically. 


When you express vectors mathematically, you must use a complex number. A an 
complex number (r) is the sum of a real number (a) and an imaginary number 
(jb). It is usually written in the form r = a + jb. A real number is any of the 
rational or irrational numbers. An imaginary number is the product of a real 
number and an imaginary unit called the j operator. The j operator is a math- 


ematical device that is equal to the square root of minus one (/- I ). 


You will learn in this appendix how you can use the j operator to simplify and 
represent the characteristics of AC circuits in both graphical and mathematical 
terms. 


To begin, the j operator is identical to the i operator that is used as the common 
representation for imaginary units, or numbers, in pure mathematics. Because 
you can mistake the letter “i” for the term instantaneous current, electrical math- 
ematics has adopted the letter “j” to represent the imaginary unit. 
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At this point you may be wondering, Where did the imaginary number come 
from? Although many great discoveries have occurred in science and technology 
in recent years, it is interesting to note that much of the pure math that is used to 
understand and prove these events has been around for hundreds of years! As a 
matter of fact, the math that involves an imaginary unit (i or j operator) was in 
place in the 1600 century. Imaginary numbers were suggested in 1572 by Raphael 
Bombelli, a mathematician. Applications for imaginary numbers, however, did 
not appear until several hundred years later. 


The vector diagram in Figure B-1 graphically illustrates real and imaginary num- 
bers. The real numbers are located on the horizontal axis, while the imaginary 
numbers are located on the vertical axis. Note that the vertical axis is designated 
the j axis. Don’t let the word imaginary fool you, these j quantities are very real. 
You can use the j operator to specify all of the reactive component vectors math- 
ematically, and then, compute their combined values algebraically. This proce- 
dure allows you to compute the complex number that is needed to represent the 
sum of all the resistive and reactive values in an AC circuit. 


Now look at Figure B-1 again. Note that because it is a vector diagram, the axes 
identify the angles between 0° and 360°. Furthermore, the three electrical charac- 
teristics that determine impedance in an AC circuit and their relationship on the 
vector diagram, are also identified in the figure. The 0° vector is used to plot 
purely resistive values, the 90° vector is used to plot inductive reactance (X1) 
values, and the 270° vector is used to plot capacitive reactance (Xc) values. 


IMAGINARY 


e REAL 
Soe (D R AXIS 


123456789 





270° 
(-i) 
Xe 


Figure B-1 
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One final point; when you write the imaginary number, you place the j operator 
in front of the real number. That’s because the polarity of the j operator is used to 
indicate the direction of the vector and the number indicates the magnitude of 
the vector. As you can see in Figure B-1, the +j operator represents inductive 
reactance, X;, and the j operator represents capacitive reactance Xc. Note that 
pure resistance is graphed on the horizontal axis because it is unaffected by changes 
in frequency, and is therefore, a reference for both X, and Xc. When you graph 
impedance in this manner, the 180° phase relationship between inductive and 
capacitive circuits becomes obvious. 


Now, just what can the j operator do for you? Specifically, it allows you to find 
the square root of a negative number. For example if X =, you might say X = 


/—4 . However, this is not defined as a real number. So, to find the square root of 
a negative number, you must use the imaginary unit, the j operator, to represent 
the imaginary number v-4 . Since you know that j = V—1, and V-4 =v-1, 
then v- 4 =)2. 


There will be times when you will have to work with powers-of-j in an equation. 
Following is a list of powers-of-j to introduce you to the concept. 


j? = 1 (a number raised to the 0 power equals 1) 

j! = 4-1 =+j (a number raised to the 1 power equals itself) 

jev-T xT=-1 

P= xj=-1xj=-j 

j =ĵfxĵ=-1x-1=1 
Note that after ’ĵ, the values of the powers-of-j repeat. Furthermore, even num- 
bered powers result in real numbers, while odd-numbered powers result in posi- 
tive or negative imaginary units. 
Once again, look at Figure B-1. Note that each vector represents a power of j. At 
0°, it is j°, or 1. At 90°, it is j', or +j. At 180°, it is j, or —1. At 270°, it is j°, or j. 
And at 360°, it f, or 1, the same value as for 0°. You can also see that the hori- 


zontal axis contains real numbers, while the vertical axis contains imaginary 
numbers. 
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Now that you have a brief introduction to imaginary number and the j operator, 
take a look at some examples of how you could use j. Figure B-2 shows how a 
vector quantity of 5 ohms could be graphically represented. Part A shows pure 
resistance (R), Part B shows inductive reactance (X, ), and Part C shows capaci- 
tive reactance (Xo). 


+j +j 


+j 


Figure B-2 


If you had a series circuit that combined 3 ohms of inductive reactance (X4) and 
4 ohms of pure resistance (R), the total circuit impedance (Zr) equals the com- 
plex number 4 + j3. To arrive at this, plot the resistance and reactance values as 
vectors. You plot resistance on the positive “real” axis, and you plot inductive 
reactance on the positive “imaginary” (+j) axis. 
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Figure B-3 


The circuit diagram and vector plot are shown in Figure B-3, and the equivalent 
mathematical computations follow. Note that the vector for total impedance is 
the hypotenuse of a right triangle that is formed by the resistance and inductive 
reactance vectors. Therefore, you are able to use Pythagorean’s Theorem to solve 


for total impedance. 
Zr=VR +X 
Zr=V# +3 
Zr=v16+9 
Zr =v25 
Zr=5Q 


The direction the total impedance vector points is identified by angle Theta (0). 
This angle represents the current versus voltage phase angle of the circuit. You 
use a trigonometric function, normally, the tangent of Theta, to calculate it. 


_ OPP 
tan 8 = ADJ 


Transposing the equation to solve for Theta, we get: 


= OPP 
0 = arctan ADJ 
§ = arctan 3 
0 = arctan 0.75 


0 = 36.8699° 


Inductive Circuits 5-1 01 


You can see from this simple example that you can calculate the total impedance 
and phase angle for a series circuit with two out-of-phase impedances. You also 
found that you can accomplish the same thing with a vector plot and complex 
numbers. 


Now look at conditions where there are more than two out-of-phase impedances 
in a series circuit. You will see that the j operator can be a real work saver in your 
evaluation. For example, examine a combinational series RLC circuit. Figure 
B-4 shows the schematic diagram, and three vector plots for such a circuit. PlotA 
shows the individual circuit impedances. 


R=80 





Figure B-4 
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Plot B shows how you can add the individual vectors to determine the sum. Use 
this process to draw the vectors: 


1. Select a vector (any one of the impedance vectors) and plot it as usual, with 
its tail at the origin of the horizontal and vertical axes. This example uses 
the vector for X,. Eight ohms of inductive reactance has been plotted on 
the positive imaginary axis. Therefore, it is equal to the imaginary number 
+j8. 


2. Next, place the tail of another vector at the tip of the first—this example 
uses the vector for R. Eight ohms of pure resistance is plotted in the direc- 
tion of the positive real axis. Therefore, it is equal to the real number 8. 


3. Continue to connect vectors, tail-to-tip, until you have them all plotted. 
You have one left, the vector for Xc. Plot two ohms of capacitive reactance 
in the direction of the negative imaginary axis. Therefore, it is equal to the 
imaginary number j2. 


4. Finally, connect the tip of the last vector back to the origin of the axes. This 
line represents the sum (Zr) of the individual impedances. 


Plot C in Figure B-4, is the result of mathematically combining the three real and 
imaginary numbers into a complex number. You accomplish this by assigning 
the appropriate j operator to each component value and adding the values: 


r=8+j8-j2 
r=8+j6 


In the equation (and in plot B) “r” is the result, or sum, of the real and imaginary 
numbers, or vectors. Each value on the right side of the equation represents a real 
or an imaginary number that is also represented as a vector in plot B. In the 
equation, the resistor value doesn’t get a j operator because it is a real number. 
The inductor value gets a +j operator, while the capacitor gets a j operator. 


The final complex number contains only two values. The first, the real number, 
defines the real number vector. The second, the imaginary number, defines the 
imaginary vector and the direction that it is plotted—in this case, on the positive 
imaginary number axis. 
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Now that you’ve established the value for the opposite and adjacent sides of the 
right triangle formed by the vectors +j6 and 8, you can use Pythagorean’s Theo- 
rem to calculate the total impedance of the circuit. Simply use the real number for 
the resistance value in the equation, and use the imaginary number, without the j 
operator, for the reactance value in the equation. Therefore: 


Z_=\fR? +X" 
Zr =V8° +6 


Z, = VO4 4+ 36 
Z,=V100 
Zr=102 


Note that this equation used the term X; to represent the circuit reactance. That’s 
because the value is a positive imaginary number, which indicates the circuit 
reactance is primarily inductive reactance. 


Since you calculated the complex number that represents the impedance vector 
of the circuit, you can also calculate the angle Theta. Note that the value for the 
side opposite the angle is the imaginary number without the j operator, while the 
value for the side adjacent to the angle is the real number. 


a OPP 
6 = arctan ADI 
6 = arctan $ 
0 = arctan 0.75 


0 = 36.8699° 
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When you begin to work with circuits that have several individual resistances 
and reactances, it becomes impractical to plot each of the impedance vectors to 
determine total impedance. That’s where the j operator comes into its own. Look 
at the circuit in Figure B-5. It contains six components that can affect the total 
impedance of the circuit. Mathematically, this is how you simplify the vectors — 
assign the appropriate j operator to each reactance value; then, add the resis- 
tances and reactances as you did earlier. Again, the idea is the reduce the equa- 
tion to one real number and one imaginary number. To do this, add the similar 
components as follows: 


r =j210 + 20 —j50 + j100 +10 — j300 
r= 30 + j310 — j350 
r = 30 -j40 
This tells you the sum of the vectors is equal to a positive real number 30 (resis- 


tance) and a negative imaginary number 40 (reactance). The vector plot is also 
shown in Figure B-5. 


XL=2100 — R=200 





X_=1000 


R=100Q 





Figure B-5 
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Now that the circuit values have been reduced to two terms, you can easily calcu- 
late total impedance. Use the real number for the resistive term, and the imagi- 
nary number, without the j operator, for the reactive term. Note that this example 
uses Xc in the equation because the j operator was a negative value. 


Z= /R FXF 
Zr = V30 + 407 
Z- = V900 + 1600 
Z, = 2500 


Zr= 502 


You can also use the impedance vector values to calculate the phase angle Theta. 
As before, the real number is the side adjacent to the angle, while the imaginary 
number, without the j operator, is the side opposite the angle. 


= OPP 
8 = arctan ADI 
= 40 
0 = arctan 30 
6 = arctan 1.33 
0 = 53.13° 


The phase angle is 53.13°. But, note in Figure B-5 that the angle is below the 
horizontal axis. This reinforces the fact that there is more capacitive reactance in 
the circuit than inductive reactance. 
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Although the examples used impedance calculations, you can just as easily sub- 
stitute voltage or current in each calculation and vector. Just remember, do not 
mix the quantities. If you wish, for example, to determine the vector for total 
voltage, make sure the individual component vectors represent voltage. To see 
what this means, look at Figure B-6. It shows a series circuit with five compo- 
nents. The impedance for each component is specified, along with the voltage 
drop across each component. You will use the voltage drops to determine source 
voltage. 


180V 


20V 





Figure B-6 


If you simply add the voltage drops, like you would in a purely resistive circuit, 
you will wind-up with a total circuit voltage drop of 340 volts. But, you know 
that can’t be true, since the schematic already specifies a source voltage rise of 
100 volts. Why the big difference? By now you should realize that like inductive 
and capacitive reactances, their vollages also oppose each other. Therefore, you 
must use the j operator when you total the voltage drops in an AC circuit. Use the 
voltage drops in Figure B-6 to review the process. 
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Recall that the first step is to use the j operator to reduce the circuit values to one 
real and one imaginary number. That is, calculate the sum of the vectors. 





r = 40 + j60 —j180 + 20 + j40 
r= 60 + j100 —j180 
r = 60 — j80 


Next, use the elements of the resulting complex number and Pythagorean’s Theo- 
rem to calculate source voltage. 


Er =V Eg + Ex 
E, = V60 + 80° 
E, = V3600 + 6400 


E- = v10000 


a Er=100V 


Thus, you find the source voltage is, indeed, 100 volts. 


To find the current through an AC series circuit, you simply divide the voltage 
drop across a component by its impedance. If you don’t know the voltage drop, 
calculate total impedance; then, divide source voltage by total impedance. 


You should note that the procedure you use for the j operator and to plot vectors 
for parallel AC circuits is similar to the way you plot vectors for series AC 
circuits. While the procedures are comparable, there is one major difference, the 
vertical axis (j operator) quantities are interchanged. That is, the complex num- 
ber which represents the capacitive quantity (current or reactance) uses the +j 
operator, and the complex number which represents the inductive quantity uses 
the j operator. 
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To make sure you understand the process, consider the parallel AC circuit in 
Figure B-7. To find the total current, first use the j operator to sum the individual 
currents: 

r=2-j0.5 +jl+2-j0.5 +j3 

r=4-jl+j4 


r=4+j3 





2A 


AJioov SR=500 






X_=2000 





Figure B-7 


The vector plot for the total current is also shown in Figure B-7. (To verify the 
accuracy of the calculations, you may wish to plot the individual vectors, “tail 
to-tip,” as you learned earlier.) 
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Now that you know the sum of the current vectors, you can calculate total cur 
rent using Pythagorean’s Theorem, just like you did for total voltage in a series 
circuit. 


r= Vik +I 
Ip= V4? +3? 
I,=v1649 
1L,=V5 
lp=5A 


Since you now know the source voltage and total current, you can use Ohm’s 

Law to calculate total impedance. On the other hand, what do you do if you don’t 

know the total current? You apply the j operator and calculate the sum of the 

impedance vectors. However, you must keep in mind that the total impedance of 

a parallel circuit is always less than the individual parallel resistances or reac- 

tances. For that reason, it is not possible to plot the impedance vectors, or math- 
a ematically employ the j operator, unless you use the reciprocal values for the 
: impedances, as follows. 


boleta a Ne 
r = 30 j200 * ji00 ` 50 200 * j33.33 
TE E R 

r= 50 — j200 * 7100 





i297 38 
r = 50 j200 * 5200 
je eres: ae 
T = 50 + J200 
1-4 1 
r= 95 * 733.33 
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Figure B-8 shows the equivalent circuit after the individual resistances and reac- 
tances have been summed. It also shows the vector diagram of the circuit. Again, 
because the vectors represent parallel impedances, they are shown as reciprocal 
values. Once you know total circuit resistance and total circuit reactance, you 
can use Pythagorean’s Theorem to calculate total circuit impedance. But keep in 
mind that you must use the reciprocals of the values in the calculation because 
you are dealing with parallel circuit impedances. 








1 _,/_1110.9_, __ 625 
Zr 694312.5 694312.5 


1/1559 
Z. 7 V 694312.5 
+ = v0.0025 

T 
Aa 
Z =0.05 
Zr = 202 
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+j 





1 
+j33.33 


Ry7=250 X7=33.330 


Figure B-8 


This short introduction to the j operator showed you that not only can you ana- 
lyze complex AC circuits graphically, you can do so mathematically. You use the 
vector plots to help you understand the phase relationship between resistive com- 
ponents, inductive components, and capacitive components. The j operator al- 
lows you to reduce several circuit values to one simple complex number. You can 
then use that number to represent total impedance or voltage in an AC series 
circuit, and total impedance or current in an AC parallel circuit. 
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UNIT 6 


TRANSFORMERS 
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INTRODUCTION 


A transformer is a device which transfers AC electrical energy from one circuit to 
another. It does this through electromagnetic mutual inductance. Generally, the 
transformer consists of two coils that are positioned close together so that the 
magnetic field of one coil cuts the other coil. In this way, energy transfers from 
one coil to the other. 


The transformer is the most important single component in electrical distribution 
systems. It is also widely used in electronics. 
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UNIT OBJECTIVES 


When you complete this unit, you will be able to: 


1. Define transformer primary, transformer secondary, eddy current loss, and 
hysteresis. 


2. Calculate turns ratio, voltage ratio, power ratio, current ratio, and imped- 
ance ratio. 


3. Name four types of losses that affect transformer efficiency. 

4. Calculate transformer efficiency. 

5. Name five uses for transformers. 

6. Determine the relationship between voltage, current, and impedance ratios. 
7. Name the parts of an elementary transformer. 


8. State the difference between a transformer and an autotransformer. ~ 
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UNIT ACTIVITY GUIDE 


Completion 
Time 


Read “Transformer Action.” 

Complete Programmed Review Frames 1-9. 
Read “Transformer Theory.” 

Complete Programmed Review Frames 10-19. 
Read “Transformer Ratios.” 

Complete Programmed Review Frames 20-35. 
Read “Transformer Losses.” 

Complete Programmed Review frames 36-42. 
Read “Transformer Applications.” 

Complete Programmed Review Frames 43-49. 
Perform Experiment 10: Transformer Characteristics. 
Study the Summary. 

Complete the Unit Examination. 


Check the Examination Answers. 
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TRANSFORMER ACTION 


Transformers are used to transfer alternating current from one circuit to another. 
Normally, some characteristic of the AC signal changes during the transforma- 
tion process. For example, a low-voltage AC may be stepped-up to a higher 
value, or a higher voltage may be stepped-down to a lower value. Often it is the 
current which must change. Transformers are also used to step-up or step-down 
current. However, a transformer can not step-up or step-down both current and 
voltage at the same time. In this section, you will take a look at the action which 
allows the transformer to change voltage and current levels. 


Mutual Inductance 


The principle upon which transformer action is based is called electromagnetic 
mutual inductance. You learned about this phenomenon earlier when you stud- 
ied inductors. First, you will briefly review the principles of mutual inductance. 


Recall that when current flows through a conductor, a magnetic field builds up 

around the conductor. With alternating current, the magnetic field builds, col- 

lapses, builds again in the opposite direction, and collapses again for each cycle ~ 
of the applied current. If you place another conductor in this moving magnetic 

field, it will have an EMF induced into it. 


A transformer is a device that takes advantage of this principle. The two conduc- 
tors are wound into coils and positioned close together so that the magnetic flux 
lines of one coil cut the other. Often, the coils are wound one on top of the other. 
When this is the case, each inductor is coated with a thin insulator material to 
prevent shorts. 


Figure 6-1 illustrates transformer action. Coil L} is connected to an AC voltage 
source. As alternating current flows through the coil, it sets up a varying mag- 
netic field. During one half cycle, current flows through L, in the direction shown. 
This establishes a north magnetic pole at the top of L,. As the current increases, 
the field expands outward and cuts the turns of wire in L}. This induces an EMF 
into L, and in turn, causes current to flow up through the load resistor. Thus, the 
current in L, causes current to flow through L}. 


Note that the coils are wound in opposite directions. The current flows into the 

top of L,. This induces a voltage that is negative at the top and positive at the 

bottom of L4. This field induces a current into the secondary (L,) that develops a 

voltage that is positive at the top and negative at the bottom. The polarity of the 
secondary voltage causes electrons to flow up through the load resistor. In this -_ 
type of transformer, the secondary voltage is polarity inverted (180° out of phase) 

from input to output. 





PRIMARY 


CURRENT 


s 


AC LOAD 
VOLTAGE RESISTANCE 
SOURCE 





PRIMARY SECONDARY 


Figure 6-1 
Transformer Action. 


If you have trouble following the description of transformer operation, review 
the left hand rules for conductors. 


At the end of the first half cycle, the current through L, drops to 0 for an instant 
as the sine wave input passes through 180°. As the current decreases, the field 
collapses back into L,. When the current in L, decreases, the current through L, 
also decreases. 


On the next half cycle, the direction of current through L, reverses. This causes a 
magnetic field of the opposite polarity to expand outward from L). Once again, 
the field cuts the turns of L, to induce an EMF. However, because the polarity of 
the magnetic field is reversed, the polarity of the voltage that is induced into L; is 
also reversed. Thus, the induced EMF causes current to flow down through the 
load resistance. 


Note that the current in L; follows the current in L}. Each time the current in L, 
reverses direction, the current in L, also reverses. Therefore, the alternating cur- 
rent in L, has the same frequency as the alternating current in L,. Energy trans- 
fers from one circuit to another even though the two circuits are electrically insu- 
lated (physically separated) from each other. 


The circuit shown in Figure 6-1 is a simple transformer. The coil to which the AC 
voltage is applied is called the primary winding. The AC voltage source causes 
the current in this winding which is called the primary current. The coil into 
which current is induced is called the secondary winding. The induced current is 
called the secondary current. 
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The amount of EMF that is induced into the secondary winding depends upon 
the amount of mutual induction between the two coils. In turn, the amount of 
mutual induction is determined by the degree of flux linkage between the two 
coils. You can think of the flux linkage as the percentage of primary flux lines 
which cut the secondary winding. Another expression which means approxi- 
mately the same thing is the coefficient of coupling. The coefficient of coupling 
is a number between 0 and 1. When all of the primary flux lines cut the second- 
ary coil, the coefficient of coupling is 1. If the two coils are positioned so that 
some of the primary flux lines do not cut the secondary, the coefficient of cou- 
pling is less than one. 


The coefficient of coupling and the resistive properties of the coils account for 
the statement that “input (primary) power is always more than the output (sec- 
ondary) power.” 


Figure 6-2 illustrates that the amount of mutual inductance depends upon the 
flux linkage or the coefficient of coupling. In Figure 6-2A, the secondary coil, 
L,, is wound directly on the primary coil, L,. With this arrangement, nearly all of 
the flux lines that are produced by the primary cut the secondary windings. There- 
fore, the coefficient of coupling is close to one. 


In Figure 6-2B the transformer consists of two coils. Here, only a few lines of 


flux from the primary cut the secondary. Therefore, the coefficient of coupling is 
low. 


Figure 6-2C illustrates that when you place the two windings far enough apart, 
there is no flux linkage between them. In this case, there is no mutual inductance 
and the coefficient of coupling is zero. While this arrangement has no practical 
purpose, it illustrates the importance of the coefficient of coupling. Remember 
also that when coils are mounted perpendicular to each other the coefficient of 
coupling is zero. 
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Transformer Action 


Figure 6-3 illustrates the step-by-step sequence of events in transformer action. 
When you close the switch, the EMF of the generator is applied across the pri- 
mary. This causes current to flow through the primary. The current produces 
magnetic flux lines which expands outward and cut the secondary. This induces 
an EMF into the secondary winding. When a path for current flow exists, the 
EMF causes a secondary current to flow. A load is connected across the second- 
ary. Energy transfers from the generator to the load even though the two circuits 
are not physically connected. 


Transformers are not used in DC circuits because, except for initial turn on and 
turn off of the source voltage, there is no movement of flux lines. When there is 
no relative motion (expanding and collapsing) of the magnetic field, there is no 
induced voltage. Therefore, the transformer is considered to be an AC compo- 
nent. 


Transformer Construction 


Construction techniques for transformers vary depending upon the type of trans- 
former and the particular application. You cannot use all transformers for the 
same application. A substation transformer in a power distribution system may 
approach the size of a small house. On the other hand, an IF transformer in a 
transistor radio may be no larger than a pencil eraser. In spite of the vast size 
difference, these two transformers operate on the same basic principle. Both have 
primary and secondary coils. In both, energy is coupled from the primary to the 
secondary by mutual inductance. 


The frequency a transformer must pass, the voltage and current involved, and 
several other factors dictate the design of a transformer. A power transformer 
may be required to handle 115 VAC 60 Hz, at 1 ampere. On the other hand, an IF 
transformer may work with a frequency of 455 kHz at a few millivolts and a few 
microamperes. 


Transformers are bulky, heavy, and expensive when they are compared to other 
electronic components. Therefore, they are used only in limited applications. 
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5. CURRENT FLOWS IN SECONDARY 


Figure 6-3 
Sequence of events 
in transformer action. 
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Figure 6-4 compares the construction of an iron-core transformer to an air core 
transformer. The iron-core transformer is much larger and heavier. The primary 
winding is wound on one arm of the core. The secondary is wound directly on 
top of the primary. Note that the symbol for the transformer shows the two coils. 
The two lines between the coils represent the iron core. The iron core concen- 
trates the lines of force into a small area. Recall from you study of inductance 
that iron has a high permeability which means it is easy to magnetize. 


A PRIMARY 
LEADS 


“1 






SECONDARY 
LEADS 


SYMBOL 


IRON-CORE TRANSFORMER 







PRIMARY 
COIL 


CARDBOARD OR 
CERAMIC 
CORE 


Z 
Y 
LA 


SECONDARY 
COIL SYMBOL 


AIR-CORE TRANSFORMER 


Figure 6-4 
Two typical transformer 
and their symbols. 


The construction of the air-core transformer is different. It is designed to be used 
at much higher frequencies. Iron core losses increase as frequency increases. 
Transformers which are designed to operate at high frequencies use little or no 
iron in the core. Instead, a non-conductive material that has the same permeabil- 
ity as air is used. High-frequency cores are usually either ceramic or simply 
small cardboard tubes. 


Programmed Review 


A device which couples AC energy from one circuit to another through 
electromagnetic mutual induction is called a 


(transformer) A transformer consists of two coils which are wound on 
a core material. The winding to which you apply an input alternating 
current is called the winding. 


(primary) The winding into which an EMF is induced and from which 
you take an output is called the winding. 


(secondary) Generally, the current and voltage in the secondary are 
different from that in the primary. However, the is al- 
ways the same in both the primary and secondary. 


(frequency) Transformers which are designed to work at low frequen- 
cies generally have cores. 


(iron) Those that are designed for high-frequency operation generally 
have cores. 


(air) Draw the schematic symbol for an iron-core transformer in the 
space below. 


E ) Draw the schematic symbol for an air-core transformer in the 


space below. 
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TRANSFORMER THEORY 


In the previous section you saw how you can use transformer action to couple an 
AC signal from one circuit to another. In this section, you will explore this action 
further. 


Transformer With No Load 


Figure 6-5A shows a transformer being operated without a load, which means 
the secondary of the transformer is open. Therefore, there is no secondary cur- 
rent. Even so, there is primary current because the primary is connected across 
an AC voltage source. 


A 


La 


EXCITING CURRENT 


EXCITING CURRENT 

B OVERCOMES THE AC 
RESISTANCE OF PRIMARY 

AND SUPPORTS THE 
MAGNETIC FIELD 





Figure 6-5 
Transformer with no load. 
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In this case, the impedance of the transformer’s primary and the applied voltage 
determine the amount of primary current. Since no power is being used in the 
secondary, the primary acts like an inductor. The primary of a typical iron-core 
transformer can have an inductance of several henrys. This tends to keep the 
primary current very low. 


In addition to the inductance, the primary winding has a certain value of AC 
resistance which limits the current even further. The small amount of primary 
current that flows with no load is called the excitation current. Figure 6-5B illus- 
trates two functions that the exciting current must perform. First, it overcomes 
the AC resistance of the primary. In Figure 6-5B, the resistance of the inductor is 
shown as a separate resistor. This resistance dissipates power in the form of heat. 
Secondarily, the exciting current supports the magnetic field in the core. 


The X; of the primary is normally much larger than its AC resistance. Thus, the 
exciting current lags behind the applied voltage by almost 90°. Consequently, 
when no current flows in the secondary, the primary of the transformer acts like 
an inductor. 


When you studied inductors, you learned that the current lags the applied voltage 
due to the counter EMF that is produced by the coil. The following paragraphs 
fo briefly review this principle. 


In Figure 6-5B, the applied EMF causes current to flow in the primary winding. 
In turn, this current establishes the magnetic field. However, as the magnetic 
field expands outward, it cuts the primary winding and induces a counter EMF. 
This counter EMF opposes the applied EMF. Thus, the primary current lags be- 
hind the applied voltage. 


This is the situation which occurs when there is no secondary current. However, 
when secondary current flows, these conditions change and the transformer op- 
erates differently. Since the transformer is normally operated with a secondary 
load, you must understand why it operates differently when secondary current 
flows. 
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Transformer With Load 


Figure 6-6 shows a simple transformer with a load resistor connected across the 
secondary winding. When AC current flows in the primary, it induces a current 
into the secondary. You will now see how the current in the secondary affects the 
operation of the transformer. 


In Figure 6-6A, the polarity of the applied voltage is negative at the top of the 
primary and positive at the bottom. This forces current to flow down through the 
primary winding. When you use the left-hand rule that was developed earlier, 
you find that the current develops a magnetic field in the direction shown. 


As this magnetic field expands outward, it induces a counter EMF into the pri- 
mary winding. This counter EMF opposes the applied EMF. Although the ap- 
plied EMF forces current to flow down through the primary, the counter EMF 
tries to force current up through the primary. The net result is a small current 
which flows down through the primary. 


Note that the secondary is wound directly on top of the primary. Therefore, the 
expanding magnetic field that is caused by the primary current also cuts the 
secondary winding. Since the secondary is wound in the same direction as the , 
primary, the EMF induced into secondary has the same polarity as the counter ~ 
EMF in the primary. Thus, the induced current in the secondary flows in the 
direction shown. 


Note that in this configuration there is no polarity inversion between the primary 
and secondary windings. 


The current flow in the secondary establishes a magnetic field of its own as 
shown in Figure 6-6B. With the left-hand rule, you can verify that the magnetic 
field has the polarity shown. As the magnetic field expands, it cuts the secondary 
winding and induces a counter EMF. This counter EMF tries to force current to 
flow down through the secondary in opposition to the induced current. 


The expanding flux in the secondary also cuts the primary turns. This induces 
yet another EMF back into the primary winding. This induced EMF is in the 
same direction as the counter EMF of the secondary. Thus, this EMF tends to 
force current to flow down through the primary. If you kept track of the various 
EMFs, you will see that the EMF that is induced into the primary from the sec- 
ondary opposes the counter EMF that was originally developed in the primary. 
Or stated another way, the current that is induced into the primary, from the 
secondary, aids the original primary current. This causes the primary current to 
increase. 
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This increase in primary current is caused by the expanding magnetic field of the 
secondary. The more current that flows in the secondary, the stronger the sec- 
ondary magnetic field. This, in turn, increases the primary current. Consequently, 
an increase in secondary current causes an increase in primary current. Later, 
you will see that the exact amount of increase in each depends upon the turns 
ratio. 


The sum of the effects that were just described is called mutual inductance. The 
inductance is mutual because the primary induces a voltage into the secondary 
and, simultaneously, the secondary induces a voltage back into the primary. 

To be certain you have the idea, review this process once more. 


Step 1. AC in the primary establishes a fluctuating magnetic field. 


Step 2. The varying flux induces a counter EMF into the primary and an EMF 
into the secondary. 


Step 3. The induced EMF causes current to flow in the secondary. 


Step 4. The current in the secondary establishes a magnetic field which is op- 
posite to the field caused by the primary current. 


Step 5. The secondary flux induces an EMF back into the primary which op- 
poses the counter EMF of step 2. This decreases the primary counter 
EMF. 


Step 6. Primary current increases because the counter EMF decreases. 
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Programmed Review 







10. When you operate a transformer without a load on the secondary, the 
primary winding acts like an 


. (inductor) A small current which flows through the primary winding is 
called the current. 







. (exciting) Its function is to support the magnetic field and overcome 
the AC of the primary. 







. (resistance) When a load is connected to the secondary, the primary 
current 








increases/decreases 


. (increases) When secondary current flows, a secondary magnetic field 
develops which is in the direction as the primary mag- 
netic field. same/opposite 








. (opposite) The secondary magnetic field induces an EMF into the pri- 
mary which opposes the EMF of the primary. 









. (counter) Since this reduces the counter EMF, the primary current will 


increase/decrease 


. (increase) The interaction of the two magnetic fields is called 
induction. 


. (mutual) When the current in the secondary increases, the current in 
the primary 


increases/decreases 


19. (increases) 
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TRANSFORMER RATIOS 


Transformers have many applications. You can use them to step-up or step-down 
voltage, step-up or step-down current, or make one value of impedance appear to 
be another value. In each case, you are concerned with a ratio. In the first case, 
the ratio is that of an input voltage to an output voltage. In the second case, the 
ratio is that of a primary current to a secondary current. In the third case, the ratio 
is that of an input impedance to an output impedance. The number of turns in the 
primary winding compared to the number of turns in the secondary determine 
each of these ratios. 


Voltage Ratio 


Transformers are frequently used to step-up or step-down voltages. Most elec- 
tronic devices are powered by 115 VAC at 60 Hz. Some applications require 
higher voltages, while others can get by with much lower voltages. You can use 
a transformer to transform the 115 VAC to whatever value you require. 


PRIMARY SECONDARY 
1000 2000 
TURNS TURNS 


PRIMARY SECONDARY 
1000 2000 
TURNS TURNS 
Ep = 115VAC (V) Es = 230vac 
C PRIMARY 
1000 
Bee SECONDARY 
TURNS 
Figure 6-7 


The voltage ratio is determined 
by the turns ratio. 
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When the output (secondary) voltage is higher than the input (primary) voltage, 
the transformer is a step-up transformer. The amount of step-up is determined by 
the turns ratio of the transformer. 


Figure 6-7A illustrates the turns ratio of a typical transformer. Note that the pri- 
mary consists of 1,000 turns of wire while the secondary has 2,000 turns. The 
turns ratio is defined as the ratio of the number of turns in the secondary, Ng, to 
the number of turns in the primary, Np; that is: 


N 
Turns ratio = =$ 
N 


P 


Therefore, in Figure 6-7A, the turns ratio is: 


Turns ratio = Ns = 2000 _ 2 


Np 1000 


This is expressed as a turns ratio of “2 to 1” or 2:1. When the secondary has more 
turns than the primary, the voltage is “stepped-up.” For example, When the turns 
ratio is 2:1, the secondary voltage will be twice as high as the primary voltage. 
Therefore, the voltage ratio is equal to the turns ratio. The voltage ratio is directly 
proportional to the turns ratio and is expressed by the equation: 


Es _ Ns 
Ep Np 


ae . ; : N 
In some cases, it is more convenient to think of the turns ratio as N ; 
s 


When you do this, the voltage ratio equation is: 


Ep _ Np 
Es Ng 


You can use either of these equations to find the secondary voltage when you 
know the turns ratio and the primary voltage. Figure 6-7B shows 115 VAC ap- 
plied to the primary. To find the secondary voltage, rearrange the formula like 


this: 
Es _ Ns 
Ep Np 
N 
E,==*xE 
S Np P 


2000 
Es = 2000 * 115V 


Es =2x 115V 


E; = 230V 
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With the proper turns ratio, you can step-up the input voltage to any value you 
require. 


Remember that AC voltages are understood to be rms or effective values unless 
otherwise specified. You should also recognize the 115 voltage value as the ef- 
fective voltage that is available in most homes and industry. On many pieces of 
equipment, you may have noticed a power function switch that is labeled 115/ 
230. This switch selects the desired turns ratio (either 1:1 or 2:1). 


You can also use a transformer to step down a voltage. To accomplish this, the 
secondary should have fewer turns than the primary. For example, in Figure 
6-7C, the primary has 1,000 turns while the secondary has 250 turns. The pri- 
mary voltage is given as 100 VAC. Here's how you find the secondary voltage: 


Es _ Ns 


Ep Np 


pais 


sN E 


E, = 229 x 100V 





1000 
E, = 1.x 100V 
s=4 
Es = 25V 


The above equations hold true as long as the coefficient of coupling is high and 
the transformer losses are low. To be completely accurate, the transformer must 
have a coupling coefficient of 1 and an efficiency of 100%. While these condi- 
tions are impossible to achieve in practice, some transformers come very close. 
This section assume an ideal transformer. Later, you will see that general pur- 
pose transformers fall far short of the ideal transformer. General purpose trans- 
formers have efficiency ratings between 60 and 80%. 


Power Ratio 


When you ignore the losses in the transformer, the power in the secondary is the 
same as the power in the primary. Therefore, in the ideal transformer the power 
ratio is 1. Although the transformer can step-up voltage, it cannot step-up power. 
You can never take more power from the secondary than you put in at the pri- 
mary. Therefore, when a transformer steps-up a voltage, it steps-down the cur- 
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rent. Therefore, you can assume the output power to be the same as the input 
power. This is expressed by the equation: 


Pp = Ps 


where Pp is the power in the primary and Pg is the power in the secondary. 


Current Ratio 


A transformer which steps-up voltage must at the same time step-down current. 
Otherwise, it would deliver more power in the secondary than is supplied by the 
primary. 


You can derive an equation for the current ratio to prove. Remember that when 
you ignore losses: 


Pp=Ps 


Recall that the formula for power is P= EI. Thus the power in the primary equals 
Ep x IP while the power in the secondary equals Eg x Is. Therefore, if Pp = Ps: 


Ep x Ip = Es x Is 
The voltage ratio equation is: 


Es _ Ns 
Ep Np 


Transposing: 


BaN 


s 
N, x Ep 


Now substitute this expression for Eş in the previous equation: 


Bp XIp= He XEpXg 


Dividing both sides by Ep, provides: 


Ns 
E A 


or I= HE xl, 
P 
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Dividing by Is, provides: 


Ib _ Ns 


Is Np 


This states that the current ratio is inversely proportional to the turns ratio. Volt- 
age is directly proportional to turns ratio. This makes sense because more turns 
means more wire and more wire means more resistance. Anytime resistance in- 
creases current decreases. 






Ip=1A 
F ig = 0.25A 
= 40VA 
®© Ep = 10VAC EST AOVAG RL 
400 TURNS 


100 TURNS " 


3000 TURNS S9OTURNS 


Figure 6-8 
The turns ratio determines 
the current ratio. 


Figure 6-8A shows a transformer with a turns ratio of 4:1. This means that the 
secondary has 4 times as many turns as the primary. Therefore, the voltage is 
stepped-up by a factor of four, from 10 V to 40 V. However, the current is stepped- 
down from 1 ampere in the primary to only 0.25 amperes in the secondary. You 
can rearrange the current ratio formula to prove this: ~ 


leo Ns 
Is Np 
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Cross multiplying provides: 


Is (Ns) = Ip (Np) 


Dividing by Ng provides: 
J = I (Np) 
ss Ns 
I, = Re XI, 
- 100 

I,= 400 * 1A 
Is=4x1A 

Is = 0.25A 


You can also use a transformer to step-up current. However to do this, it must 
step-down voltage. To step-up current, the primary must have more turns than 
the secondary as shown in Figure 6-8B. The secondary current is: 


N 
I = Px] 
S Ns P 
=% x14 
Is=10x1A 


I5=10A 
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Solving Transformer Problems 


Once you understand how to use the voltage and current ratio formulas, you can 
solve a wide variety of transformer problems. For example, consider the circuit 
shown in Figure 6-9A. The number of turns, Is, and the value of R are given. You 





wish to find Ep and Ip. 
Pere Ry = 1k 
Ig = 10MA >» 
A 100 TURNS 500 TURNS 
Ip =? 
Ig =? 
Ep = 10V Eg =? PR, = 2 WATTS 

100 TURNS 

B 500 TURNS 

Figure 6-9 


Solving transformer problems. 


You can determine Ip immediately since Is and the turns ratio are given: 


Tha Ns 
I; Np 
N 
b=Ẹ Is 
Tp= 208 x 10 mA 
Ip=5x10mA 


Ip=50mA 


Since you know the turns ratio, you can find Ep if you know Eg. 
Eg = Is (Ry) 


Es = 10 mA x1kQ 


E, = 10 V 
Now you can find Ep: 

Eso Ns 

Ep Np 
Cross multiplying: 

Es (Np) = Ep (Ns). 
Dividing by Ng provides: 


Es (Np) _ 
See 


Rearranging the equation provides: 


Np 


Bren Ps 
= 100 

Ep = 300 * 10V 

Ep=4x10V 

Ep=2V 


Figure 6-9B shows another problem. Here, the turns ratio, the primary voltage, 
and the power dissipated in the secondary circuit are given. You want to find the 
secondary voltage, the secondary current, and primary current, and the value of 
Rj. 


Because the turns ratio and Ep are given, you can compute the value of Es: 


Es _ Ns 
Ep Np 

N 
Es= yy. Er 
Es = 100 x 10V 
E. =} x10V 
s=5 


Es =2V 
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Once you know Eg, you can compute Ix: 


Py = Es X Ís 
P 

1,= 5 

S Es 

L=2W 

SOV 

I5=14A 


When you know Ig and the turns ratio, you can compute Ip: 


l Ns 
Is Np 

= 100 
b= 300 X1A 
p=Żx1A 
Ip=0.2A 


You can now use Ohm’s Law to compute the value of R4: 


= Es 
SR 
= 2V 
RISTA 
R, =2Q 


or, you can rearrange the power formula to find the same value: 


P=PR 


Impedance Ratio 


In electronics, one of the most important applications of a transformer is imped- 
ance matching. Maximum power is transferred from a generator to a load, when 
the impedance of the generator matches the impedance of the load. When imped- 
ances do not match, power is wasted. 


There are many cases in electronics in which the impedance of the signal source 
or generator, does not match the load which it must drive. For example, a transis- 
tor amplifier stage might be most efficient when it drives a 100-ohm load. Never- 
theless, the amplifier may be required to drive a 4-ohm speaker. This is a mis- 
match that results in wasted power and inefficient operation. 


You can use a transformer to correct for this mismatched impedance. The trans- 
former can make one value of impedance appear to be another value. In the above 
example, a transformer is placed between the transistor amplifier and the speaker. 
When you choose the proper turns ratio, the transformer can make the 4-ohm 
speaker appear to be a 100-ohm load to the transistor amplifier. 


You have seen that the voltage or current step-up of a transformer depends upon 
the turns ratio. The impedance matching capability of a transformer also depends 
upon the turns ratio. However, the impedance ratio is equal to the turns ratio 
squared. That is: 


Zp _ (Ne) 
Zs \Ns 


Where Zp is the impedance of the primary circuit, Zs is the impedance of the 


ee Np . ; é 
secondary circuit, and N- is the primary to secondary turns ratio. 
S 


You can rearrange the formula to provide: 


Mey f 
Ns Zs 
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You can use this equation to solve impedance-matching problems, such as the 
one described earlier. The problem is to find a turns ratio that matches a 100-ohm 
generator (such as the transistor amplifier) to a 4-ohm load (such as a speaker). 
You can solve this type of problem with the formula: 


N, 7’ 
Np _ 
Ne > 


This is a primary to secondary turns ratio of 5:1. Therefore, when the number of 
primary turns is 5,000, the number of secondary turns must be 1,000. As you can 
see, any transformer with a turns ratio of 5:1 has an impedance ratio of (5Y:1 or 
25:1. 


Now consider another example. Suppose you need to match a generator that has 
an impedance of 6,000 ohms to a 60-ohm load. The needed turns ratio is: 


Np_ /& 
Ns Zs 
Ne_ /6000 
N, V 60 


nN, 
Np 
Noo 


The turns ratio must be 10:1. The primary must have 10 times as many turns as 
the secondary. 


Impedance matching is one of the most important applications of a transformer. 
With the proper turns ratio, transformers can match a wide range of impedances. 


Gene 


Programmed Review 


20. You can use transformers to step-up or step-down voltage. When you 


use them as a step-up transformer, the secondary has 
turns that the primary. more/fewer 


. (more) If you ignore losses, the voltage ratio between the primary and 


secondary is directly proportional to the ratio. 


. (turns) Stated as a formula, Fs = 
P 


If 10 volts is applied to the primary of a transformer which 


Ep Np 


has 100 primary turns and 1000 secondary turns, the secondary volt- 
age willbe____ volts. 


. (100) If you ignore losses, the power in the secondary of a trans- 


former is the same as the power in the 


. (primary) For this reason, a transformer which steps-up voltage must 


step-down 


. (current) Therefore, the current ratio is proportional 


to the turns ratio. inversely/directly 


. (inversely) Stated as a formula, £ = 
S 


= R°) If the primary current is 1 ampere and the primary has 10 
P 


times as many turns as the secondary, the secondary current will be 
amperes. 
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29. (10) To transfer maximum power from a source to a load, the imped- 
ance of the source must match the impedance of the 


. (load) For this reason, an important application of transformers is 
matching. 


. (impedance) The impedance ratio of a transformer equals the 
squared. 


. (turns ratio) Or, stated another way, the turns ratio equals the square 
root of the ratio. 


. (impedance) Stated as an equation, = = , 
ANs 


N Z 
: Re =,/ 7 | Therefore, to match an 800-ohm source to a 16-ohm 
s 


load requires a turns ratio of about 








TRANSFORMER LOSSES 


Transformers which are used in electronic circuits are very efficient devices. An 
efficiency of ninety percent or better is normal. All transformers have some losses. 
In many cases, these losses dictate transformer design. Power transformers in 
particular are designed to minimize losses. The losses are separated into several 
categories. 


Core Losses 


In power transformers, the largest loss occurs in the transformer’s core. Even so, 
a much larger core loss would occur if it were not for special construction tech- 
niques. Core losses can be divided into two separate parts. You will examine each 
of these losses. 


EDDY CURRENT LOSSES 


The cores of power transformers are generally made of soft iron or steel. Because 
iron and steel are good conductors, and are ferromagnetic, a current can be in- 
duced into the core. This occurs when the core is subjected to a moving magnetic 
field. As you saw, a moving magnetic field is a requirement in all transformers. 
Unless manufacturers take special precautions, large circulating currents are in- 
duced into the core of the transformer. These induced circulating currents are 
called eddy currents. 
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Figure 6-10 shows how eddy currents are induced into the core. When alternat- 
ing current flows through the winding, a changing magnetic field develops around 
the core. As this field expands and contracts, it induces a voltage into the core. 
The induced EMF causes eddy currents to flow as shown. These eddy currents 
are sometimes referred to as skin effect because they flow along the conductor’s 


oO EDDY CURRENTS 
es fo D; 


surface. 






Ky CHANGING 


MAGNETIC 
FIELD 


Figure 6-10 
Eddy currents are induced in the core 
by the changing magnetic field. 


Manufacturers can change the construction of the core to reduce eddy currents. 
In Figure 6-10, the core is a solid block of metal. Because the cross sectional 
area of the core is large, it has very little resistance and large eddy currents flow. 


The eddy currents produce a power loss that is proportional to the current squared 
(P= P R). When you reduce the eddy currents, the power loss is less. 


Eddy currents are reduced when the core consists of many thin sheets of metal 
rather than a solid block of metal. Figure 6-11 illustrates how this reduces the 
eddy currents. Figure 6-11A shows large eddy currents flowing through the low- 
resistance solid core. However, you can use several thin sheets to form a core 
that has the same magnetic characteristics as shown in Figure 6-11B. 


The individual sheets are coated with an insulating varnish so that no current can 
flow between the sheets. Thus, any eddy currents that are produced are restricted 
to a single sheet of metal. Because the cross sectional area of a sheet is quite 
small, the resistance of each sheet is relatively high. This high resistance keeps 
the magnitude of the eddy currents low. Consequently, the power loss is much 
lower when the core is made of thin laminated (insulated) sheets. 
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EDDY 
CURRENTS 


A 


SOLID CORE 


VERY 
SMALL 
EDDY 
CURRENTS 


f 
B 


LAMINATED CORE 


w 


Figure 6-11 
You can laminate the core 
to reduce eddy currents. 


The thin sheets that make up the core are called laminations. A laminated iron 
core is shown in Figure 6-12. The lamination gets its name from its shape. Fre- 
quently, an iron core is made up of a combination of “E” and “T’ laminations as 
shown. Remember, the purpose of laminating a core is to reduce the power loss 
that is caused by eddy currents. 


p 






| 
vi)! 
| 


"I" LAMINATION 





Figure 6-12 
Core construction. 


6-36 | UNIT SIX 


HYSTERESIS 


Another type of loss that occurs in the core of a transformer is called hysteresis. 
When iron is not magnetized, its magnetic domains are arranged in a random 
pattern. However, when a magnetizing force is applied, the domains are lined up 
by the magnetic field. When the magnetic field reverses, the domains must also 
reverse their alignment. 


In a transformer, the magnetic field reverses direction many times each second. 
The frequency of the applied AC source determine the number of reversals per 
second. For example, with a 60-hertz source, the magnetic field reverses 120 
times per second. Remember, the magnetic field reverses twice each cycle. When 
it reverses direction, the domains must overcome friction and inertia. While it 
does this, a certain amount of power is dissipated in the form of heat. This power 
loss is referred to as the hysteresis loss. 


The terms friction and inertia refer to the basic laws of physics that state “a body 
at rest tends to remain at rest” and “a body in motion tends to remain in motion”. 
Therefore, anytime you have relative motion there is friction and inertia. They 
are a form of resistance to motion and they do cause power to be dissipated. 


Some materials, such as soft iron, normally have high hysteresis losses. The 
hysteresis loss in steel is lower than soft iron. Some large power transformers 
use a special type of metal called silicon stee] because it has a low hysteresis 
loss. 


` The amount of loss that is caused by hysteresis increases as frequency increases. 
An iron-core transformer that has a small hysteresis loss at low frequencies, may 
have a large hysteresis loss at higher frequencies. Hysteresis loss is directly pro- 
portional to frequency. 


Copper Loss 


Another type of loss that is present in all transformers is called copper loss. The 
resistance of the copper wire in the primary and secondary windings causes this 
loss. A transformer winding can consist of hundreds of turns of fine copper wire. 
Due to the length of the wire and its small cross sectional area, its resistance can 
be quite high. As current flows through this resistance, some power is dissipated 
in the form of heat. The formula P = I'R determines the amount of power that is 


dissipated in the form of heat. For this reason, another name for copper loss is 
the PR loss. 


The amount of copper loss is proportional to the current squared. When the cur- 
rent through a transformer doubles, the copper loss increases by a factor of 4. 
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To reduce copper loss, you can increase the size (reduce the wire gauge number) 
of the copper wire you use for the windings. The larger the diameter of the wire, 
the smaller its resistance. As you can see by the formula, dissipated power and 
resistance are directly proportional. When you decrease resistance, you decrease 
the PR loss. Another method you can use to reduce copper or FR loss, is to keep 
the current in the transformer as low as possible. 


External Induction Loss 


As the magnetic field expands and contracts around the transformer, it often cuts 
an external conductor of some kind. When a current is induced into an external 
conductor, some power is taken from the transformer circuit. In most cases, the 
power that is lost by external induction is so small that you can ignore it. How- 
ever, the voltage that is induced into outside circuits can be bothersome. For 
example, in a sensitive amplifier circuit, the unwanted induced voltage from a 
transformer may interfere with the signal you are trying to amplify. 


Shielding can reduce interference that is caused by magnetic induction. Often, 
sensitive circuits are placed inside a metal shield which prevents stray magnetic 
fields from reaching the circuits. Also, transformers themselves are often placed 
in thin metal housings to prevent magnetic fields from escaping. 


Earlier, you used a high-permeability material (soft iron) to form a core to con- 
centrate the magnetic force lines into a magnetic field close to the inductor. In 
this case, the flux lines are prevented from cutting the external conductor. These 
shields are called permeability shields. Remember, magnetic flux lines cannot be 
blocked, but they can be rerouted. 


Transformer Efficiency 


Due to transformer losses, more power is applied to the primary of the trans- 
former than is available for use in the secondary. All transformers have power 
losses. Hence, the efficiency of a transformer is always less than 100%. 


The efficiency of a transformer is the ratio of output power to input power. For 
example, when a transformer has an input power of 110 watts and an output 
power of 105 watts, its efficiency is: 


efficiency = POWEE output _ 105W _ 9.9545 


power input — 110W 
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Efficiency is normally stated in terms of a percentage (%). Therefore, you must =~ 
multiply the decimal fraction by 100 to convert it to a percentage. The input 

power is the primary power. The output power is the secondary power. The for- 

mula for a transformer’s percent of efficiency is: 


% efficiency = fs x 100 
P 


Pp is the power in the primary, or input power. Pg is the power in the secondary, 
or output power. Therefore, in the above example, 


% efficiency = fs x 100 
P 


— 105W 
= 110W x 100 





= .9545 x 100 


= 95.45% 
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36. The two factors which make up core losses are 
losses and losses.. 












. (eddy-current, hysteresis) You can use a core to reduce 
eddy currents. 


. (laminated) Hysteresis loss is causes by the constant reversal of the 
magnetic within the core material. 

















. (domains) Copper losses are caused by the AC 
primary and secondary windings of the transformer. 





. (resistance) Due to these losses, the of the transformer 


is less than 100%. 






. (efficiency) A transformer has 100 watts applied to its primary but 
only 90 watts available in the secondary. The efficiency of the trans- 
former is %. 


42. (90%) 
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TRANSFORMER APPLICATIONS 


Transformers are versatile devices. They are used to step-up voltage, step-down 
voltage, step-up current, step-down current, and match impedance. Also, they 
can produce a 180° phase shift, provide two signals which are 180° out of phase, 
and isolate one circuit from another. They can pass AC while they block DC. 
They can also provide several signals at various voltage levels. You will now 
look at some of these applications in more detail. 


Power Distribution 


One of the most important applications of transformers is to transmit power over 
long distances. Often, the power generating stations are located near coal fields 
or dams which are usually far from the cities where the electrical power is needed. 
Therefore, the electrical energy must be transported over great distances by way 
of transmission lines. The transformer plays a major role in transmitting this 
energy efficiently. 


Long distance transmission lines are generally made of aluminum. Copper lines 
have better electrical characteristics but are too expensive, too heavy, and lack 
structural strength. You will recall that aluminum has a higher resistivity than 
copper. Consequently, power losses in aluminum lines are high, unless special 
precautions have been taken. 


Most of the power loss in a transmission line is caused by the resistance of the 
line. Recall that P= IR. Therefore, the amount of power loss is proportional to 
the resistance of the line and to the square of the current. Obviously then, the 
easiest way to reduce the power losses in the line is to keep the current as low as 
possible. 


For example, suppose a generating station produces 12,000 volts at 10 amperes. 
Assume that this 120,000 watts of power are transmitted over a transmission line 
that has a resistance of 100 ohms. When transmitted as 12,000V at 10A, the 
power loss in the line is: 

P=IR 

P=(10A)2 x 100 ohms 

P= 100 x 100 


P = 10,000 watts 
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A transformer allows you to transmit the 120,000 watts as 120,000V at 1A. In 
this case, the power loss is: 


P=PR 

P = (1 A)? x 100 ohms 
P=1x100 

P = 100 watts. 


Note that when you step the current down by a factor of 10, the power loss re- 
duces by a factor of 100. For this reason, power is transmitted over great dis- 
tances at very high voltage levels and very low current levels. Upon reaching its 
destination, the electrical power is stepped-down in voltage to the values required 
in homes and by industry. 


Electronic Applications 


In electronic devices, transformers are used to step-up or step-down voltage. Many 

a electronic devices require 115 VAC for power. Most of the devices have a power 

\ transformer which steps the voltage up or down, as required. In transistorized 
and integrated circuit equipment, the AC line voltage is usually stepped-down 
and then changed to DC by a process called rectification. In older vacuum-tube 
equipment, the line voltage is usually stepped-up and then rectified. Vacuum tubes 
require higher DC voltages than transistors and integrated circuits. As you can 
see, you can use transformers to make the line voltage compatible with both 
types of equipment. 


Transformers are also used as impedance-matching devices. They can match the 
impedance of one circuit to that of another. The impedances must be matched for 
maximum power to be transferred from one circuit to another circuit. 


The above applications were described in detail earlier. Now, take a look at some 
additional applications. 

PHASE SHIFTING 

Depending upon how the transformer is wound, it provides either a 180° phase 


shift or no phase shift. This means that the voltage in the secondary is either in 
phase or 180° out of phase with the voltage in the primary. 
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In some applications, the phase shift is unimportant while in other applications it 
is extremely important. Figure 6-13A shows a transformer in which the input 
signal is in phase with the output signal. 


INPUT OUTPUT 
t J \ J POINT A 
3 
LOAD 
4 
INPUT OUTPUT 


yo POINT A 


a 
CEF 


C D 
1 d e 3 1 e 3 
2 7 4 2 | E 4 
(J 
Figure 6-13 
Phase relationships in transformers. 


The voltage at point A with respect to ground has the same phase as the voltage 
at pin 1 with respect to ground. When you need a 180° phase shift between input 
and output, you can interchange the secondary’s leads when you connect them to 
the load. Figure 6-13B shows the leads interchanged. Note that this places ground 
at pin 3 of the transformer. The voltage at point A is now 180° out of phase with 
the input voltage. 


The phase relationship between the windings of the transformer are sometimes 
indicated on schematic diagrams by dots as shown in Figure 6-13C. The ends of 
the windings which are marked by dots are in-phase. Therefore, the voltage at 
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pin 3 is in phase with the voltage at pin 1. Figure 6-13D shows a transformer that 
is wound differently. Here, the voltage at pin 4 is in phase with the voltage at pin 
1. Stated another way, the voltage at pin 3 is 180° out of phase with the voltage at 
pin 1. 


Figure 6-14 shows that you can obtain an in-phase output or 180° out-of-phase 
output from either type of transformer. Note that you can reverse the phase sim- 


ply by interchanging the leads to the load. 


INPUT 


Ay OUTPUT 
© @ {\ 
OUTPUT 


s sA 


INPUT 








Í \ OUTPUT 
e 


Ay OUTPUT 


Ix 


Figure 6-14 
You can reverse the phase by 
interchanging the leads to the load. 
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PHASE SPLITTING 


Some circuits require two AC signals of equal amplitude, but 180° out of phase. 
A transformer can be used to provide the two out-of-phase signals. Figure 6-15 
shows a transformer with a center-tapped secondary. This simply means that the 
center of the secondary is brought out to a terminal which is labeled pin 4. In this 
Figure, the terminal is grounded. The dots indicate that the voltage at pin 3 is in 
phase with the voltage at pin 1. If you ignore the center tap, the voltage at pin 5 
must be 180° out of phase with the voltage at pins 1 and 3. When the center tap 
is grounded, two signals which are equal in amplitude and 180° out of phase 
exist at the opposite ends of the secondary winding. Transformers are often used 
to produce two equal amplitude signals that are 180° out of phase. 


Later in your study of electronic circuits, you will see this application used with 
audio amplifiers as part of a push-pull system. 


ISOLATION 


Another purpose of a transformer is to isolate one circuit from another. An AC 
device that does not use a power transformer often has a metal chassis that con- 
nects to one side of the AC power line. Anyone who touches this chassis and 
ground at the same time can receive an electrical shock. However, a power trans- 
former isolates the chassis from the input AC line. When you separate the circuit 
from the input power, you greatly reduce the possibility of accidental shock. 


Frequently, technicians must repair transformerless equipment. When the “hot” 
chassis is removed from its plastic or wooden cabinet, the possibility of acciden- 
tal shock increases. To safeguard himself, the technician places an isolation trans- 
former between the AC line and the chassis. The isolation transformer has a 
turns ratio of 1 to 1. That is, it takes 115 VAC from the line and delivers 115 VAC 
to the equipment. This isolates the chassis from the AC line and provides addi- 
tional protection from accidental shock. 


Autotransformer 


An autotransformer is a special type of transformer. In the autotransformer, there 
is no isolation between the primary and the secondary windings. A single con- 
tinuous coil is wound on a core. Part of this coil is used as the primary, while 
another part is used as the secondary. Generally, part of the coil is used as both 
primary and secondary. 
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Figure 6-16A shows an autotransformer being used to step-down the applied volt- 
age. Here, the entire winding serves as the primary. The lower half of the coil is 
used as the secondary winding. Because there are fewer turns in the secondary 
than in the primary, the voltage is stepped-down and the current is stepped-up. 


A 









PRIMARY 
WINDING 


SECONDARY 


WINDING ł LOAD 









SECONDARY LOAD 


WINDING 


PRIMARY 
WINDING 


Figure 6-16 
An autotransformer. 


Figure 6-16B shows that you can turn the transformer around to step-up voltage. 
Here, the lower half of the coil is used as the primary while the entire coil is used 
as the secondary. Since the secondary has more turns, the transformer steps-up 
voltage and steps-down current. 
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Figure 6-17 compares the autotransformer with a conventional transformer. The 
conventional transformer in Figure 6-17A steps the applied voltage down from 
120 VAC to 20 VAC. This requires a turn ratio of 6:1. If you ignore losses, the 
current steps-up from 1A to 6A. 


6000 
TURNS 


1000 
6:1 TURNS 


A 
120V @ 20V 
te 3 


Ripe) 





Figure 6-17 
Comparing an autotransformer 
to a conventional transformer. 


Figure 6-17B shows how you can accomplish the same job with an autotrans- 
former. The tap at pin 2 is placed at 1,000 turns. Thus, the primary, in this case 
the entire coil, has 6,000 turns. Only 1,000 of the turns are used for the second- 
ary. Note that 6 amperes flows in the load, but only 5 amperes flows through the 
secondary winding. The reason for this is that the current in the secondary wind- 
ing flows in the opposite direction to the current flowing in the primary. Thus, 
the 1 ampere primary current subtracts from the 6 amperes of secondary current. 


This illustrates the advantages of an autotransformer. First note that fewer turns 
of wire are required in an autotransformer. Also, since the current in the second- 
ary winding is lower, the PR loss is lower. In many cases, the autotransformer is 
also easier to construct and therefore less expensive. Its main disadvantage is 
that the secondary is not isolated from the primary. It is usually used in elec- 
tronic circuits that have low-current and high-frequency requirements. a 


Transformers 6-47 





A special type of autotransformer is shown in Figure 6-18. The load is connected 
between the movable arm and the bottom of the coil. You can move the arm up or 
down to change the turns ratio. This causes a corresponding change in voltage 
across the load. You can vary the output voltage from about 0 VAC to over 130 
VAC. This device is called a variable autotransformer. 


reovac (A) 





LOAD (V) sovac 
isib 130VAC 
120VAC 
Figure 6-18 


The variable transformer. 


The autotransformer gets its name because it is usually used in the audio fre- 
quency range. The audio frequency range is considered to extend from approxi- 
mately 10 hertz to 25,000 hertz. 


Due to their inductive reactance, transformers have limited uses in high-frequency 
circuits. The exception is the special tuned tanks in IF and RF applications. These 
special signal-coupling transformers are used in extremely low-current applica- 
tions. This coupling requirement is usually in the microampere range. 
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43. When power is transmitted over long distances, the current is kept as 
low as possible. This minimizes losses in the transmis- 
sion lines. 


. (power or PR) In electronic applications, transformers are used to 
change current levels, change voltage levels, and match 


. (impedance) A transformer can produce a phase shift of 0° or 
o 


. (180°) A center-tapped secondary produces two voltages which are 
° out of phase. 


. (180°) A transformer which consists of a single continuous tapped 
winding is called an 


. (autotransformer) The disadvantage of an autotransformer is that it 
does not provide between the input and the output cir- 
cuits. 


. (isolation) 
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EXPERIMENT 10 


Transformer Characteristics 


OBJECTIVES: To examine the construction of a transformer and measure the 
DC resistance of its windings. 


To calculate the turns ratio of a transformer. 


To determine whether or not a transformer is a step-up or step- 
down transformer. 


To evaluate the effect of loading a transformer. 


To demonstrate how a transformer can be used as an autotrans- 
former. 


To explain several transformer applications. 


Introduction 


A small audio transformer is provided with this course. You can use it to verify 
some of the principles that were discussed in this unit. However, one of the first 
things you will learn about this transformer is that it is by no means ideal. Its 
efficiency is low and its AC resistance is high. This can cause some confusing 
results unless you take these factors into consideration. 


Materials Required 


Heathkit Analog Trainer 

Oscilloscope 

Multimeter 

1—Audio Transformer (#5 1-97) 

1—1000 Q, 1/2-watt resistor (brown-black-red) 
1—100 Q, 1/2-watt resistor (brown-black-brown) 


6-50 | unit six 


Procedure 


1. Find the audio transformer (#51-97) and examine its construction. Note 
that it has a laminated core that is made up of E and I laminations. The 
primary and secondary are wound on a nylon bobbin around the center arm 
of the E laminations. The windings consist of several hundred turns of very 
fine copper wire. They are covered by a layer of tape for protection. 


2. Refer to Figure 6-19A and identify the five leads on the transformer. Write 
the proper number of each pin on the protective tape immediately above 
the terminals. 


3. Refer to Figure 6-19B. Compare this schematic diagram of the transformer 
with the actual transformer. 





Figure 6-19 
Identification of transformer leads. 





Refer to Figure 6-20A. Use an ohmmeter to measure the DC resistance of 
the winding between pins 4 and 5. Call this resistance Ry. Rys = 
ohms. 


Measure the resistance between pins 1 and 3 as shown in Figure 6-20B. R; 3 
= ohms. 


Measure the resistance between pins 1 and 2 as shown in Figure 6-20C. R, 2 
= ohms. 


Measure the resistance between pins 2 and 3 as shown in Figure 6-20D. Ro 3 
= ohms. Does R33 equal R; 2? What assumption 
can you make about the position of the tap which connects to pin 2? 





C D 
a O G 
R4,2 = —— OHMS O Q = ae 


Figure 6-20 
Measure the DC resistance of each winding. 
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Discussion 
In this part of the experiment, you examined the construction of the transformer 
and measured the DC resistance of its winding. Typical DC resistance values 


are: 


R,; = 700 ohms 


R,; = 100 ohms 
R,, = 50 ohms 
R,, = 50 ohms 


Since R, 2 and R,,; are equal, pin 2 must be at the center of the winding between 
pins 1 and 3. 


Keep in mind that these are the DC resistance values. The AC resistance of these 
windings will be even higher. Thus, when you experiment with a transformer, 

you must remember that these resistance values exist. That is, it is sometimes 
necessary to think of the transformer as shown in Figure 6-21. Here Ra repre- 
sents the AC resistance between pins 4 and 5. This value may be somewhat ~ 
larger than R45. In the same way, Rg represents the AC resistance between pins 

1 and 2 while R¢ represents the AC resistance between pins 2 and 3. 


a Rp 


Ra 


Ro 


Figure 6-21 
The AC resistance of the windings act 
like series-dropping resistors. 


These AC resistance values are aggravating for several reasons. They are diffi- 

cult to measure directly. They also interfere with the operation of the transformer 
and waste power. Finally, they change somewhat with frequency. You must keep ~ 
these AC resistances in mind while you continue the experiment. 





Procedure (continued) 


8. Cut five 3-inch lengths of hook-up wire. Strip 1/4 inch of insulation from 
each end of each wire. Solder one wire to each of the five pins on the trans- 
former. 


9. Use the Trainer to connect pins 4 and 5 of the transformer across the 15 
VAC LINE FREQ terminals as shown in Figure 6-22A. Leave pins 1, 2, and 
3 open. 


LINE FREQ. 





LINE FREQ. 


15 VAC 


(3) 2 

k 
ta 
: Q) O 


Ei 3= VAC E45 = —— VAC 


3 
w 


Figure 6-22 
The transformer can be used 
to step-up or step-down voltage. 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


Place your voltmeter on an AC voltage range greater than 15 VAC and 
measure the applied voltage between pins 4 and 5. Ey; = 

VAC. Is the winding between pins 4 and 5 being used as a primary or as the 
secondary? 


Move your voltmeter to pins 1 and 3. E,; = VAC. Is the 
winding between pins 1 and 3 being used as a primary or as a secondary? 


Compare the primary voltage with the secondary voltage. Is the applied 
voltage being stepped-up or stepped-down? 


Use the following formula to determine the primary-to-secondary turns ra- 
tio of the transformer: 


Ep _ Np 


Es Ns 
Turns ratio = ll. 
Disconnect the transformer from the Trainer. Connect pins 1 and 3 across 


the 15 VAC LINE FREQ terminals as shown in Figure 6-22B. Leave pins 
2, 4, and 5 open. 


Measure the applied voltage. E, 3 = VAC. In this case, the 
winding between pins 1 and 3 is the ; 
primary/secondary 
Measure the voltage between pins 4 and 5. E4 5 = VAC. The 
winding between pins 4 and 5 is the VAC. 
primary/secondary 


Compare the primary voltage with the secondary voltage. Is the applied 
voltage being stepped-up or stepped-down? 


Use the following formula to determine the secondary-to-primary turns ra- 
tio of the transformer: 


Es _ Ns 


Ep Np 


Turns ratio = 21. 
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19. Does this turns ratio agree with your computation earlier in step 13? 
. Which winding has more turns, the one between pins 4 and 
5 or the one between pins 1 and 3? 


Discussion 


In steps 9 through 13 you used the transformer to step-down the applied voltage. 
By definition, the primary of the transformer is the winding to which a voltage is 
applied from an outside source. Thus, the winding between pins 4 and 5 is the 
primary. Typically, the applied voltage, E,5 is 17 VAC. This gives a secondary 
voltage, E, 3 of about 7 VAC. Note that the applied voltage is stepped-down from 
17 VAC to 7 VAC. With the formula given in step 13, the turns ratio is approxi- 
mately: 


Ep _ Np 


Es Ns 


17 VAC _ Np _ 
7VAC N O 








Because the voltage is stepped-down, the primary must have more turns than the 
secondary. That is, the winding between pins 4 and 5 must have about 2.43 times 
as many turns as the winding between pins 1 and 3. 


In steps 14 through 19, you turned the transformer around and used the winding 
between pins 1 and 3 as the primary. Here E}, is about 17 VAC while E45 is 
about 40 VAC. The voltage is stepped-up from 17 VAC to 40 VAC. This gives a 
turns ratio of: 


Es _ Ns 


Ep Np 





40 VAC _ Ns _ 
I7VAC = Np > 


That is, the secondary has 2.35 times as many turns as the primary. 


These examples show you that you can step-up or step-down a voltage by a fac- 
tor of about 2.4. This is possible because one winding has about 2.4 times as 
many turns as the other. The turns ratio is fixed and cannot be changed. However, 
you can use only half of the winding between pins 1 and 3 to double the turns 
ratio. 
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Procedure (continued) 


20. Connect pins 1 and 2 across the 15 VAC LINE FREQ terminals on the 
Trainer as shown in Figure 6-23A. Leave pins 3, 4, and 5 open. 


LINE FREQ. 


LINE FREQ. 


15 VAC 
f (5) Q) 
15 VAC (v) O 
: (4) G) 


E4,5 = — V E1,2 = — V 





Figure 6-23 
The turns ratio is doubled with 
only one haif of the tapped winding. 


21. Measure the voltage between pins 1 and 2. E, 5 = VAC. 


22. Use the 100 VAC range on your meter to measure the voltage between pins 
4 and 5. E,5 = VAC. Is the voltage stepped-up or down? 


23. Compute the turns ratio. The winding between pins 4 and 5 has 
times as many turns as the winding between pins 1 and 2. 


24. Disconnect the transformer from the Trainer. Connect pins 4 and 5 across 
the 15 VAC LINE FREQ terminals on the Trainer as shown in Figure 
6-23B. Leave pins 1, 2 and 3 open. 


25. Measure the voltage between pin 1 and 2. E, > = VAC. Is the 
applied voltage stepped-up or down? 


26. Compute the turns ratio. The winding between pins 4 and 5 has 
times as many turns as the one between pins 1 and 2. 


Discussion 


In these examples, you using only one half of the center tapped winding to double 
the turns ratio. In step 21, E, 2 is about 22 VAC. E,|5 is about 54 VAC. Thus, the 
turns ratio is: 


54.VAC _ 
22 VAC S 





Next, you turned the transformer around to step the 22 VAC down to about 3.5 
VAC. This produces a turns ratio of about 6.29 to 1. Note that in each case, the 
turns ratio is about twice the value you computed earlier. 


The losses in the transformer did not interfere very much with the measurements 
you made up to this point. The reason for this is that the secondary has been 
unloaded except for the high impedance of the voltmeter. Normally though, a 
transformer has a secondary load. This increases both secondary and primary 
current. When current flows, the losses in the transformer become obvious. 
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Procedure (continued) 


27. Use the transformer and a 1000 Q resistor to connect the circuit shown in 
Figure 6-24A. Leave pins 1, 2, and 3 open. 


LINE FREQ. 





B LINE FREQ. 


15 VAC 


15 VAC 1009 





Figure 6-24 
Loading the secondary increases 
the current in the primary. 


28. Be sure that you observe polarity and measure the voltage across R4. Ep; = 
V. Use Ohm’s Law to find the current in the primary. 


-Ea 
b= R, 7 T000 7 —— amperes 
or milliamperes Because the secondary has no load, this cur- 


rent is called the current. h 
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29. Load the secondary by connecting a 100-ohm resistor (R,) between pins 1 
and 3. Now what is the voltage drop across R,? Ep; = V. Use 
Ohm’s Law to find the current in the primary. 


= Eri 


Ip = R = 1000 = amperes or mA 


What happens to the primary current when the secondary is loaded? 


30. Measure the voltage between pins 4 and 5 of the transformer. E, 5 = 
V. 


31. Measure the voltage between pins 1 and 3 of the transformer. E, 3 = 
V. 


32. Use the values you measured in steps 30 and 31 to determine the turns ratio. 


Turns ratio = . Does this agree with the value you computed 
in step 13? . Does the turns ratio formula work when the 
transformer is loaded? Why? 





33. Use Ohm’s Law to determine the current in the secondary. 





= ———— Aor_ mA 


34. Is the voltage stepped up or down? 


Is the current stepped up or down? 


Discussion 


In step 28, you computed the exciting current of the transformer. A typical value 
is 0.7 mA. Next, you loaded the secondary and verified that the primary current 
increased. Typically, the primary current increases to about 5.8 mA. This demon- 
strates that a decrease in secondary impedance causes a decrease in primary im- 
pedance. This effect is sometimes referred to as reflected impedance. 


In the next steps, you demonstrated that the turns ratio formulas are not very 
accurate when the transformer is loaded. One reason for this is that the AC resis- 
tance of the windings interferes with the voltmeter readings. For example, in step 
30 you measured the voltage between pins 4 and 5. It might seem that this is the 
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15 VAC 


15 VAC 





primary voltage Ep. However, strictly speaking, it is not. Rather it is the vector 
sum of the primary voltage (Ep) and the voltage dropped by the AC resistance of 
the primary winding. Ep is actually somewhat smaller than this value. A similar 
effect occurs in the secondary. Thus, the voltage readings you took in steps 30 
and 31 are not accurate measurements of Ep and Eg. Consequently, the turns ratio 
you computed with these values may be very inaccurate. 


A previous section briefly described the autotransformer. While the device pro- 


vided with this course is not an autotransformer, you can use it to demonstrate 
some of the characteristics of an autotransformer. 


Procedure (continued) 


35. Connect pins 1 and 2 of the transformer across the 15 VAC LINE FREQ 
terminals as shown in Figure 6-25A. Be sure that pin 1 is connected to the 
ground terminal. Leave pins 3, 4, and 5 open. If you ignore the winding 
between pins 4 and 5, you can think of the remaining winding as an au- 
totransformer. 


LINE FREQ. 


A LINE FREQ. 


15 VAC 


15 VAC 
15 VAC 





Figure 6-25 
The principles of an autotransformer. 
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36. The voltage is applied between pins 1 and 2. Thus, the winding between 


pins 1 and 2 is the winding. E, 5 = VAC. 

37. The output voltage is taken between pins 1 and 3. Thus, the winding be- 
tween pins 1 and 3 is the winding. Which has more turns, the 
secondary winding or the primary winding? . Therefore, E; 3 
should be than E, >. 

higher/lower 
Measure E; 3. E, 3 = VAC. 


38. You can include the unused winding between pins 4 and 5 in the makeshift 
autotransformer. Connect pins 3 and 4 of the transformer as shown in Fig- 
ure 6-25B. 


39. Measure and record the following values: 


E1,2= VAC. 

E1,3 = VAC. 

E1,4= VAC. 

El5=  ——Cs—CS VAC. 
Discussion 


In step 35 you connected the transformer as a simple autotransformer. The wind- 
ing between pins 1 and 2 is the primary while the winding between pins 1 and 3 
is the secondary. Naturally, there are more turns between pins 1 and 3 than be- 
tween pins 1 and 2. In fact there are twice as many. Therefore, E}, should be 
about twice the value of E} 2. In step 38, the autotransformer is expanded to in- 
clude the winding between pins 4 and 5. Recall that this winding has approxi- 
mately 2.4 times as many turns as that between pins 1 and 3. The winding be- 
tween pins 1 and 2 is still used as the primary. Thus, the voltage between pins 1 
and 5 should be considerably higher than the applied voltage. Figure 6-25C shows 
the schematic diagram of the transformer connected as if it were an autotrans- 
former. 
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SUMMARY 


The transformer is a device that couples AC signals from one circuit to another. 


During the transformation process, the voltage or the current may change. How- 
ever, the frequency never changes. 


A transformer consists of two or more windings that are wound on a core. The 
winding to which an input signal is applied is called the primary. The winding 
from which an output signal is taken is called the secondary. The core material is 
usually air, steel, soft iron, or silicon steel. Metal cores have a high permeability 
that increases magnetic flux density. 


Transformer action is based upon electromagnetic mutual inductance. Current in 
the primary produces a magnetic field which induces an EMF into the second- 
ary. In turn, secondary current produces a magnetic field which induces an EMF 
into the primary. This EMF opposes the counter EMF of the primary. Conse- 
quently, an increase in secondary current causes an increase in primary current. 
When the secondary is open, an excitation current still flows in the primary wind- 
ing. 


The voltage ratio, the current ratio, and the impedance ratio of a transformer is "~ 
determined by the turns ratio. Turns ratio is the number of turns in the primary 
compared to the number of turns in the secondary. Voltage and impedance are 
directly proportional to the turns ratio, and current is inversely proportional to 

the turns ratio. 


The formula for the turns ratio is: 


Turns ratio = R 
The formula for the voltage ratio is: 
Es Ng Ep _ Np 
Ep Np © Es Ng 
The formula for the current ratio is: 


The formulas which use turns ratios assume that the transformer is ideal (has no mm 
losses). This is the same as assuming that the transformer is 100% efficient. 

Since all transformers have losses, their efficiencies are less than a 100%. How- 

ever, 90% efficient is considered to be the norm. 





You can use a transformer to match the impedance of one circuit to that of an- 
other. This is important since maximum power is transferred only when the im- 
pedance of the source matches that of the load. 


The impedance formula is: 


Zp_[Ne\ gy ey 


Transformer losses consist primarily of core losses and copper losses. Core losses 
are caused by eddy currents and hysteresis. Many transformer cores are lami- 
nated to reduce eddy current losses. Copper losses are caused by the AC resis- 
tance of the transformer’s windings. Small values of current keep hysteresis losses 
low. You can use the following formula to determine the efficiency of a trans- 
former: 


% efficiency = rs x 100 
P 


Some applications of transformers include: 


e  Stepping-up voltage 

e  Stepping-down voltage 

e  Stepping-up current 

e  Stepping-down current 

¢ Impedance matching 

e — Providing a 180° phase shift 

e Providing two signals which are 180° out-of-phase 
e Isolating one circuit from another 

e Passing AC, but blocking DC 


An autotransformer is a special type transformer which consists of a continuous 
winding on a core. You can use it like any other transformer except that it does 
not provide isolation between the input and output. Autotransformers are usually 
used in the audio frequency range, which is between 10 hertz and 25 kilohertz. 


An isolation transformer is a special purpose transformer that is used to isolate 
one circuit from another. Frequently, technicians use a 1:1 isolation transformer 
to isolate a transformerless chassis from the AC line. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understand- 
ing of the material presented in this unit. Place a check beside the multiple choice 
answer (A, B, C, or D) that you feel is most correct. After you complete the 
examination, compare your answers with the correct ones that appear in the Ex- 
amination Answer Sheet which follows. 


1. What turns ratio is required to match a 400-ohm generator to a 16-ohm 


load? 

A. 400 to 1 
B. 25tol 
C. 16tol 
D. 5tol 


2. The losses which are created by the AC resistance of the windings in a 
transformer are called: 


hysteresis losses. 
eddy current losses. 
copper losses. 

stray losses. 


App 


3. | Many transformers have laminated cores in order to minimize: 


hysteresis losses. 
eddy current losses. 
copper losses. 

stray losses. 


GA > 


4. A transformer which has more turns in the secondary than in the primary: 


A. _ steps-up voltage. 

B. _ steps-up current. 

C. steps-down voltage. 
D. steps-up power. 


5. A transformer has 2000 turns in the primary and 400 turns in the secondary. 
The primary voltage is 100 VAC. Ignoring losses, what is the secondary 


voltage? 

A. 100 VAC 
B. 20VAC 
C. 2000 VAC 
D. 5 VAC 
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10. 


A transformer has 1000 primary turns and 4500 secondary turns. The sec- 
ondary current is 10 mA. Ignoring losses, what is the primary current? 


A. 45mA 
B. 2.22 mA 
C. 10mA 
D. 450mA 


A transformer has 72 watts in the primary and 64 watts in the secondary. 
What is the efficiency? 


A. 80% 
B. 89% 
C. 72% 
D. 112.5% 


A transformer consists of one continuous winding with several taps so you 
can take off different voltages. This type of transformer is called: 


A. an isolation transformer. 
B. a power transformer. 

C. a current transformer. 
D. 


an autotransformer. 


When the impedance connected across the secondary winding of a trans- 
former decreases: 


A. both primary and secondary currents increase. 
B. both primary and secondary currents decrease. 
C. primary current increases, secondary current decreases. 
D. primary current decreases, secondary current increases. 


A transformer has a turns ratio of 1:1. What is this transformer used for? 


A. impedance matching 
B. changing frequency 
C. isolation 

D. stepping-up voltage 
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EXAMINATION ANSWERS 
K =/5 
Ne as 


2. ©—The losses which are caused by the AC resistance of the windings 
of the transformer are called copper losses. 


3. B — Laminated cores are used to minimize eddy current losses. 


4. A-—A transformer with more turns in its secondary than in its primary 
is used to step-up voltage. 








Ep _ Np 
5 B— EN 
100V _ 2000 
E; 400 
100V _ 5 
E, 1 
5E; =100V 


Es = 20 V 
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6. A-—Ignoring losses: 





Ip _ Ns 
b Np 

Ip _ 4500 
10mA ~— 1000 

_ 4500 
Ip = 1000 * 10 mA 
Ip = 45 mA 


7. B —% efficiency = rs x 100 
P 


= $4 
= 7z X 100 


= .8888 x 100 


= 88.88% or 89% 
8. D—The autotransformer has one continuous winding. 


9. A—When the impedance in the secondary decreases, both the 
primary and the secondary currents increase. 


10. C—The isolation transformer has a 1:1 ratio. 


UNIT 7 


MOTORS AND MOTOR CONTROLS 
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INTRODUCTION 





In this unit you will learn about the basic differences between motors, basic mo- 
tor control components, and motor control systems. This unit is designed to in- 
troduce you to motors, motor terminology, and to motor’s principles of opera- 
tion. The types of motors and controls explained in this unit are the types that you 
will encounter both in your home and in industrial applications. 


This unit combines what you learned about resistors, inductive and capacitive 
principles, and electromagnetic induction principles in DC and AC electronics 
into practical circuits. 


To begin this unit, you will review electromagnetic induction, generators, and 
DC motors. 
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UNIT OBJECTIVES 


When you complete this unit you will be able to: 


1. 


2. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


Define the term motor. 
Demonstrate the right-hand rule for motors. 
Explain the principle of electromagnetic induction. 


Explain the operation of the following types of motors: series type, shunt 
type, and compound type. 


Draw the waveform for a single-phase motor. 
Name the common use for a two-phase motor. 


Explain the phase relationships between the windings of a three-phase mo- 
tor. 


Calculate the percent of regulation for a motor when you know the loaded 
and unloaded operating speed. 


Explain the relationship between the magnetic field strength and RPM. 
State the type of motor that is called a universal motor. 

Explain the relationship between a motor’s slippage and its torque. 
Define the motor terms inertia and friction. 


Draw a DC control circuit that can reverse a motor’s direction and change 
its speed of operation. 


Use a schematic diagram to differentiate between a servo system and a 
synchro system. 


Define the terms synchronous and asynchronous as they apply to motors. 


Explain the relationship between torque and synchronous and asynchro- 
nous motors. 


B 


HOOOADKDAKAOAAnAAH AEA 
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UNIT ACTIVITY GUIDE 


Completion 
Time 


Read “Review of DC Motors.” 

Complete Programmed Review Frames 1-6. 
Read “Types of Induction Motors.” 

Complete Programmed Review Frames 7-15. 
Read “AC Motors.” 

Complete Programmed Review Frames 16-29. 
Read “Motor Speeds.” 

Complete Programmed Review frames 30-41. 
Read “Motor Control Circuits.” 

Complete Programmed Review Frames 42-55. 
Perform Experiment 11: Identifying Motor Symbols. 
Study the Summary. 

Complete the Unit Examination. 


Check the Examination Answers. 
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REVIEW OF DC MOTORS 


In your study of DC Electronics, you saw that a generator converts mechanical 
energy into electrical energy. A DC motor does just the opposite: it converts 
electrical energy to mechanical energy. Figure 7-1 illustrates the principle that 
makes this conversion possible. In the figure, a current-carrying conductor is 
shown in a magnetic field. This current is not induced. Instead the current flows 
because the conductor is connected to a battery. This current causes a magnetic 
field to develop around the conductor in the direction shown. You can verify this 
with the left-hand rule for conductors. 
MOTION 
OF 
eats wea 


MAGNETIC 
FIELD 













STRONG 







DIRECTION MAGNETIC 
CURRENT FLOW FIELR 
DIRECTION 
MAGNETIC FIELD 
Figure 7-1 


DC motor theory. 


Induction Principles 


In the figure, the magnetic field around the conductor interacts with the field of 
the permanent magnet. On one side of the conductor, the two magnetic fields are 
in the same direction and they add. This aiding magnetic field produces a strong 
magnetic field. On the other side of the conductor, the two magnetic fields are in 
opposite directions. Opposing magnetic fields tend to cancel each other, which 
results in a weak magnetic field. 
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As you can see in Figure 7-1, the flux lines are more numerous on one side of the 
conductor than on the other. Thus, on one side, the lines are bent and forced very 
close together. These lines have a natural tendency to straighten and move farther 
apart. However, the only way they can do this is to push the conductor out of the 
way. Thus, a force develops that pushes the conductor in the direction shown. 


The rule which determines the direction that the conductor will move in the mag- 
netic field is called the right-hand motor rule. The right-hand rule is illustrated in 
Figure 7-2. With your right hand, point your index finger in the direction of the 
field of the permanent magnet. Point your middle finger in the direction of cur- 
rent flow through the conductor and at a right angle to the index finger. Point 
your thumb straight up and at a right angle to both the index and middle fingers. 
Your thumb now points in the direction that the conductor will move. When you 
apply this rule, you can see how a simple DC motor operates. 


RESULTING 
MOTION OF 
CONDUCTOR 


RIGHT HAND RULE 


DIRECTION 
OF 
MAGNETIC 
FIELD 






Ww 


DIRECTION ea 
o 


F 
CURRENT FLOW 


Figure 7-2 
Rule for motor action. 
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ĖS 


A simplified drawing of a DC motor is shown in Figure 7-3. This is similar to the 
DC generator that was described earlier. However, there are two important dif- 
ferences between generators and motors. First, with the generator the armature is 
turned by an outside mechanical force. However, in a motor the armature turns 
due to the electrical force that is applied. Second, in the generator a DC voltage 
is picked off the armature by the brushes. In a motor, an external DC voltage is 
applied to the brushes. 


PERMANENT 
ae MAGNET 
DIRECTION OF 
MOTION 
S LS 


È a 
a OEN 





V 


Paci 


E FLOW 
A x = 
x 
+ 
BRUSHES 


COMMUTATOR 











Figure 7-3 
The DC motor. 


Right-Hand Motor Rule 


Current flows through the armature as indicated by the arrows in Figure 7-1. If 
you apply the right-hand motor rule to the side of the armature near the south 
pole of the magnet, you find that the conductor tends to move up. When you 
apply the same rule to the side near the north pole, you find that this side tends to 
move down. Thus, the armature rotates in a counterclockwise direction. After 
one half cycle of revolution, the two sides of the armature interchange positions. 
Nevertheless, current still flows in the same direction and through the side clos- 
est to the south pole. Whichever side of the armature appears at this point, the 
resulting motion is always up. The upward force at the south pole and the down- 
ward force at the north pole causes the armature to rotate. 


The motor shown in Figure 7-3 is not practical because the armature consists of 
a single loop of wire. Motors use hundreds of turns of wire in the armature wind- 
ing. Many conductive wires for the armature cause a very strong twisting mo- 
tion, or torque, to be developed. The single loop demonstrates what happens due 
to motor action. The many loops in the armature all operate on this principle and 
they are additive (aiding). 
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Small DC motors are rated in fractional horsepower (HP). Fractional horsepower 
motors are usually operate with a split-phase winding, which means the single 
winding is divided into a start and a run section. The primary advantage of the 
DC motor is its simplicity of design and flexibility. Its primary disadvantage is its 
tendency to run away under no-load conditions. 


DC Motor Problems 


The most common cause of a malfunction in DC motors is brush related. There- 
fore, you should visually inspect the brushes for wear, spring tension, and arcing 
as part of a periodical inspection phase. As the brush wears, it deposits conduc- 
tive dust inside the motor housing. This dust can accumulate and cause short 
circuits. To save money and time, replacing the brushes before they damage the 
armature. Brushes are relatively inexpensive and armatures are very expensive. 
When you periodically inspect and service motors, are they don’t cause as many 
unscheduled shut downs as they do when you service them only when they mal- 
function. 


Many motors require periodic lubrication. Lubrication prevents excessive sur- 
face wear on the motor’s bearings and the armature’s shaft. You should use care 
not to use excessive amounts of lubrication. Excessive oil or grease can trap dirt 
and foreign materials which could increase friction or cause shorts. Some lubri- 
cation materials are nonconductive and if you allow them to get onto the arma- 
ture could rub off on the brush face and insulate the brush from the armature’s 
surface. 
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Programmed Review 


1. 


4. 





With the right-hand motor rule, your thumb points in the direction of 
the 


(conductor motion) The twisting force that is applied to a motor is 
defined as 


(torque) The advantages of DC motors when compared to AC motors 
are their simplicity of design and 


(flexibility) One serious disadvantage of a DC series motor under no- 
load conditions is its tendency to 


(run away) The most common cause of problems in DC motors is 
related. 
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TYPES OF INDUCTION MOTORS 


As you know from your study of generators, you use the magnetic induction 
principle along with the left-hand rule to explain generator action. A generator 
converts mechanical energy into electrical energy and a motor converts electrical 
energy into mechanical energy (motion). As you learned earlier in your studies, 
meter movements work on the motor principle. You also learned that motors use 
the right-hand rule to describe induction. 


Induction motors are classified according to their internal construction. Internal 
construction types are the series wound, shunt wound, compound type, and uni- 
versal type. You will now examine each of these types of motor construction. 


Series Motor 


In series motors, the field coils are in series with the armature. In other words, the 
same current that flows through the armature flows in the field windings. This is 
shown in Figure 7-4A on the next page. 


A series motor must always use a resistive load. Without a resistive load, as the 
speed of the armature increases, the counter electromagnetic induction increases. 
The increasing counter emf causes a decrease in the armature’s current. This 
decreasing current causes the field to start to collapse. As the field collapses, it 
provides an inductive kick to the armature current. As this cycle continues, cur- 
rent keeps increasing until the motor reaches a speed at which it self-destructs. 
This is referred to as motor run-away. 


Another disadvantage of a series motor is its tendency to heat up. This is due to 
its high torque and resistive load requirement. When the motor overheats it wastes 
power. 


Series motors are usually used to move heavy loads. They develop maximum 
torque (turning power) and are geared down as the speed starts to increase. You 
can install a resistor in series as shown in Figure 7-4B to control the speed of a 
series-type motor. The variable resistor provides a method to adjust the current. 
The current in turn has control of the magnetic field strength, which controls the 
induced voltage in the armature. Anytime you add a resistance in a series loop, 
current decreases in that loop. 


You can use series-type motors with DC or AC inputs. 
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FIELD 
FIELD COILS COIL 


FIELD 
RHEOSTAT 


ARMATURE 





(@) SERIES: MOTOR SERIES MOTOR WITH 


SPEED CONTROL 
SERIES MOTOR WITH SPEED CONTROL 


FIELD 

BI ARMATURE COIL 
SERIES 
ARMATURE 
RHEOSTAT 


SHUNT MOTOR WITH 
SPEED CONTROL 


© SHUNT MOTOR ©) 


SHUNT MOTOR WITH SPEED CONTROL 





FIELDS FIELDS 
ADDITIVE OPPOSING 


©) CUMULATIVE DIFFERENTIAL 
COMPOUND COMPOUND 


COMPOUND TYPES 


Figure 7-4 
Induction-type motors. 


Shunt Motor 


A shunt motor is shown in Figure 7-4C. In this type motor, the field windings are 
connected in shunt (parallel) with the armature. The shunt motor is classified as 
a constant-speed motor. Soon after the motor starts, it reaches a speed at which 
the field and armature currents are almost equal. This speed is considered to be 
the motor’s constant speed. The constant speed characteristic of a shunt motor is 


considered to be its primary advantage. Low torque is the main disadvantage of 
shunt-type motors. 
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You can install a resistor in series with either the field or the armature to change 
the constant speed of a shunt motor. In Figure 7-4D, the speed control resistor is 
in series with the armature. Note that the inductor (field winding) parallels both 
the resistor and the armature. 


The resistor in series with the field winding reduces the current flowing in the 
field. When the field current decreases, it reduces the voltage that is induced into 
the armature. The induced voltage opposes the polarity of the voltage that caused 
it. This reduces the opposition to the motor’s rotation and increases the motor’s 
speed. Unfortunately, the resistor also reduces the motor’s power efficiency rat- 
ing. As is usually the case, in most electronic circuits, efficiency is sacrificed to 
achieve control. 


Thus, when you install the resistor in series with the armature, you decrease the 
armature’s current, which decreases the motor’s speed of operation. 


You do not normally use a shunt-type motor with AC. 


Compound Motors 


Compound motors use both series and shunt fields. This is shown in Figure 7-4E. 
The series winding provides a high starting torque, which overcomes initial fric- 
tion. Once the motor approaches operating speed, the shunt winding takes con- 
trol and the constant speed characteristic becomes the most important character- 
istic. A compound motor combines the advantage of both types (series and paral- 
lel) of motors, and at the same time compensates for their disadvantages. This 
results in a constant speed motor that is capable of developing high torque. It also 
eliminates the possibility of thermal runaway. 


Compound motors come in two varieties. When the series and parallel windings 
are wound so that they aid each other, the motor is called a cumulative compound 
motor. When the series and parallel windings are wound so they oppose each 
other, the motor is called a differential compound motor. 


You use a compound motor with DC input voltages. 


Universal Motor 


The universal motor is a series type motor that uses resistors in series with its 
brushes to limit high currents. The added resistance also reduces brush arcing. 
The universal motor is usually limited to low power applications (fractional horse- 
power ratings). Universal motors are used in small electric hand drills, small 
fans, and toys. 


A DC motor can be used as a generator. The AC motor cannot be used as a gen- 
erator. 
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Programmed Review 


The three types of construction used in induction motors are 
and 


(series, shunt, compound) A motor that is used with both AC and DC 
voltages is called a/an motor. 


(universal) Which type motor is NOT normally used with AC? 


. (shunt) A resistor connected in series with the stator winding causes 
the motor speed to 


increase/decrease 


. (increase) When a motor has both series and parallel-aiding fields, it 
is called a type. 


- (cumulative compound) When the series and parallel fields oppose 
each other, the motor is a type. 


. (differential compound) In a compound motor, which winding pro- 
vides the high starting torque that is needed to overcome initial fric- 
tion and inertia? winding. 


. (series) Maximum torque and friction occur when the motor is at 
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C AC MOTORS 


As you learned earlier, you can use a series-type motor as an AC motor, but you 
must keep the induced current low. 


Besides the universal motor, there are several types of AC motors that are com- 
monly used. Most of the motors in your home fall into the following motor clas- 
sifications: single-phase, two-phase, or three-phase. In addition, there is a classi- 
fication called polyphase motors. In general the term polyphase means two or 
more phases. 


In this course, the polyphase motor is a three-phase motor. Three-phase motors 
are very common in every home. Motors that require more than three phases are 
specific function motors like those that are used in heavy industry. 


The following descriptions are limited to the types of motors that you are most 
likely to see. You will begin the description with the single-phase motor. 


Single-phase Motors 


a The single-phase motor consists of a rotor and two stator windings as shown in 
Figure 7-5. The unequal magnetic fields around the stator windings force the 
rotor to turn. The stator fields are unequal because the two fields (start and run) 
are made of different diameter wires, and there is a different number of turns in 
the windings. This automatically causes a lead/lag difference between the stator’s 
fields. The rotor starts to turn toward the stronger stator field. The AC input causes 
the stator’s electromagnetic field to continually change. The rotor reacts to the 
induced change. However, the rotor can never overtake the stator fields. The 
effect can never overcome the cause in a mechanical system. 


2-STATOR WINDINGS 









T 
Wie 2T 
INPUT WAVEFORM ROTOR 
waona > 
AC 
SOURCE 
Figure 7-5 


Single-phase motor. 
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You can start an induction motor by placing its starter field 90° from the run 
field. Since the winding has some resistive component, the phase angle is slightly 
less than 90°. This physical separation induces a current into the armature that 
overcomes friction and inertia. When friction and inertia are overcome, the mo- 
tor starts to rotate. Once rotation has started, there is relative motion and mag- 
netic fields are continually produced. The faster the motor turns, the stronger the 
attraction to turn. This is true until the motor reaches the speed of operation. 
Once it reaches the speed of operation, the armature and stator winding are sepa- 
rated by a predetermined amount. 


The following description combines some of the knowledge that you earlier to 
explain angular motion, and some of the common terms that are used to describe 
generator and motor actions. 


Note in Figure 7-5 that the input waveform is an AC sine wave that is marked as 
T/2, m, 1/4, and 27. As you know, the sine wave rotates for one complete cycle 
that is equal to 360°. You also measure the sine wave in radians per second, and 


a radian is approximately equal to 57.3°. The term radian represents angular 
displacement. 


The sine wave is a vector that rotates counterclockwise for 360°. A radian is an 
angle that intercepts an arc (B to C) that is equal in length to the radius (C to A) 
of a circle as illustrated in Figure 7-6. 


When an armature rotates one complete cycle, regardless of whether it is gener- 
ating a sine wave (generators), or being driven by a sine wave (AC motor), the 
armature rotates through 360° or 2n radians. The circle is divided into 4 (IV) 
equal quadrants. 


In Figure 7-6, the sign of the angle in each of the quadrants is listed (either 
positive or negative) for the sine, cosine, and tangent function of the angle. 


Remember, motors use windings and windings are essentially inductive compo- 
nents. In inductive components, voltage leads current. 
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( LENGTH OF ARC BC=RADIUS OF CIRCLE 
90° 








RADIUS 
2TT RADIANS 


PERIOD OR 1/F +] 270° 


Signs of the Functions T~3.14 


6.28 radians = 360° 
2m radians = 360° 
aw radians = 180° 
1 radians = 57.2958° 
1 degree = 0.01745 radian 
SIN OF 57.3° = .8415 
COS OF 57.3° = .5402 
TAN OF 57.3° = 1.5577 


Quadrant sin 0 cos 8 tan 6 





0° 90° 180° 270° _ 360° 
oe 


INDUCED EMF 





DIRECTION OF 
MAGNETIC FIELD ARMATURE ROTATION 


Figure 7-6 
Angular rotation relationships. 
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When the single-phase motor comes up to speed, a centrifugal switch discon- 
nects the starter (stator S,) winding. Until you remove power from the circuit or 
an increased load slows the motor to the point where the centrifugal switch is 
reconnected, the motor uses the run (stator S2) winding so it continues to turn. 
This is shown in Figure 7-7. 






RUNNING 


WINDING SWITCH 





STARTING 
WINDING 


Figure 7-7 
A single (split phase) motor with 
a capacitor and centrifugal switch. 


You can install a capacitor as shown in Figure 7-7. Here, the capacitor has been ~ 
connected between the stator windings to increase the phase difference between : 
stator windings. Increasing the phase difference causes the current to lead (ICE) 

the voltage and increases the starting torque of the motor. 


Shaded motor poles also increase the starting torque of a motor. With a shaded 
pole, a portion of a pole face has a heavy copper wire wrapped around it. This 
causes a higher induced current in one side of the pole face. The shading acts as 
an aid in starting rotation. 


Two-phase Motors 


A two-phase motor is the simplest form of polyphase motors that is used in in- 
dustry. The term polyphase describes any motor that has more than one input. 
(Two-phase motors are mainly used as servomotors. The servomotor is covered 
in more detail later in this unit). For now, a two-phase motor is a motor that has 
two inputs that are 180° out of phase. The two-phase motor must be driven from 
two separate inputs. To reverse the direction of rotation, simply reverse the in- 
puts. A typical two phase motor is shown in Figure 7-8. 


Polyphase Motors 


Any motor with more than one input is considered a polyphase motor. Industry 
uses more three-phase motors than any other type. Applications that require power 
ratings above a fraction of a horsepower nearly always have three or more input 
windings. 


In fact, the three-phase motor is so common that the terms polyphase and three- 
phase are used interchangeably. Polyphase motors use a squirrel cage rotor like 
the one shown in Figure 7-8. 








Figure 7-8 
Two-phase motor. 
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As shown in Figure 7-9, a three-phase motor uses three inputs that are separated 
by 120°. To accomplish this, three stator windings that are electrically separated 
by 120 degrees are positioned around a squirrel cage rotor. To reverse the direc- 
tion of rotation in a 3 phase motor, just reverse any 2 of the 3 inputs. 


1 Af PHASE 1 
PHASE 2 
120° 120° 
C) oro AA PHASE 3 
St 2 


S RENAN 
È 120° Fat COMBINED 
St vV A, ve yN 


t 
$ INPUT 2 foe ee 


INPUT 1 Sy 


Figure 7-9 
Polyphase motor contains a rotor and 3-stator 
winding that are separated by 120°. 


Three-phase motors may use one of two wiring configurations. The stator wind- 
ings may be wound in the delta or Y (star) configurations as shown in Figure 
7-10. In the delta winding, an input is applied across a single winding. In this 
case, the voltage is lower and the current higher than is the case with the Y or star 
winding. In the Y or star wiring configuration, the input is applied across two 
windings and the developed voltage is higher, but the current is lower than in the 
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delta configuration. The number of turns in the winding or windings is directly 
proportional to the impedance (resistance). Remember, Ohm’s Law states that (E 
= IR) current and resistance are inversely proportional, as long as you hold the 
voltage constant. 


You should check three-phase motors periodically to ensure that they are operat- 
ing at the proper speed and temperature. When one of the phases of an operating 
three-phase motor opens, the motor runs slower and heats up. You may not be 
able to detect this in some applications until the internally generated heat com- 
pletely destroys the motor. 


A simple three-phase motor has a pair of poles for each phase. Therefore, a two- 
pole, three-phase motor has 6 poles. The poles are separated by 60° (6 x 60° = 
360°). 


INPUT 
VOLTAGE 


INPUT 
VOLTAGE 


e S3 
(A) DELTA WINDING Y OR STAR WINDING 


Figure 7-10 
Motor winding configurations. 
(a) delta-wound for high current. 


(b) Y- or star-wound for high voltage. 
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Programmed Review 


16. The AC motor be used as a generator. 
can/cannot 


. (cannot) The automatic speed control that is usually mounted directly 
on the motor is a switch. 


. (centrifugal) The single phase motor contains a rotor and 
windings. 


. (stator) To develop maximum torque, the stator winding should be 
from the rotor. 


. (90°) 27 radians equals 


. (360° or one revolution of a motor) A sine wave is a vector that rotates 


clockwise/counterclockwise 


. (counterclockwise) The polarity of the cosine function in the third 
quadrant is 
positive/negative 


. (negative) A starting capacitor is connected in series with the starter 
winding to phase difference. 
increase/decrease 


. (increase) The stator windings in a three-phase motor are electrically 
separated by degrees. 


. (120) A polyphase motor is defined as a motor that has 2 or 
phases. 
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. (more) Single-phase motors usually have power rating that are in 


. (fractional horse power) If one phase of a three-phase motor opens 
while it is in operation, the motor will 
and if the load is heavy enough. 


. (slow down, overheat) When you convert a polyphase motor from Y 
wound to delta wound, this result is lower and higher 


. (voltage, current) 
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MOTOR SPEEDS 


Speed is motion or distance for a specific period of time. In a car, it is miles-per- 
hour or kilometers-per-hour. In motors, it is RPM (revolutions-per-minute) or 
RPS (revolutions-per-second). 


Common terms associated with motor speeds are RPM (revolutions-per-minute), 
synchronous, and asynchronous. Synchronous and asynchronous are terms which 
compare the rotor’s speed to the stator’s speed. 


RPM 
You can use the following formula to calculate the term RPM for induction mo- 
tors: 
= VE 
RPM = P 
Where: 


RPM is revolutions-per-minute. 
VF is the applied voltage and its frequency. 
P is the number of poles that are produced in the stator’s field. 


For example: A 3-phase, 4-pole induction motor has an input voltage of 120 
volts at 60 hertz. The motor’s RPM is: 


RPM = 120 x60 
RPM = 7200 

4 
RPM = 1800 


As you can see by the formula, either increasing the input voltage or increasing 
the frequency of the input, causes the motor to turn at a higher speed. 


The 120 volts that is applied in this example is high for most electronic circuits. 
However, there are many motors in homes that operate with 120 volts. 
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If you increase the number of poles in a motor, the motor will turn at a slower 
speed, but with higher torque. 





The counter emf in a motor is directly proportional to its speed and the strength 
of the magnetic field. 


counter emf = speed x field strength 


You can rearrange the equation to get: 


counter emf 


epeed = field strength 


Therefore, speed is inversely proportional to field strength. 


Motor Regulation 


Most motors have a calculated regulation factor. In the case of a series motor, it 
must be regulated so that if the load opens, the motor doesn’t continue to increase 
speed to the point where it self-destructs. You can connect a physical resistor in 
series with the stator winding to regulate the motor. 





A motor requires more current to start rotating than it does to continue rotating. 
This makes sense because once friction is overcome, the start winding can be 
disconnected. This is usually accomplished with a centrifugal throw-out switch. 
The switch opens the starter winding when the motor reaches its run speed. The 
input voltage and the run winding then control the motor’s speed. 


Synchronous Speed 


When a motor’s rotor rotates at the same speed as the stator winding, the motor is 
called a synchronous motor. If this condition ever exists, there would be no rela- 
tive motion between the stator and rotor fields. Without relative motion, there 
wouldn’t be any drive current induced into the rotor. 


Synchronous speed is an ideal term. In actual practice, when the rotor turns at 
almost the same speed as the stator, it is operating at its synchronous speed. Ac- 
tually it oscillates in speed very close to the stator’s speed. 


A synchronous speed motor turns very fast, but has a very low torque capability. 
This makes the synchronous motor suitable for turning light loads at high speeds. 
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Asynchronous Speed 


Asynchronous motors have a definite lag behind the stator windings. This lag is 
called slippage, and it is this slippage that determines the angle at which the 
stator field cuts the rotor’s conductor material. The closer to 90° separation, be- 
tween the stator windings and the rotor, the greater the number of lines cut. The 
higher the number of lines cut, the stronger the induced current. Maximum torque 
is developed at 90° of separation. 


Percent of Regulation 


Motor regulation is expressed as a percentage of the unloaded speed of opera- 
tion. The amount (percentage) of regulation depends upon the actual load that 
the motor is turning. Thus, the more torque that must be generated to turn a load, 
the slower the motor turns. 


The equation for a motor’s percent of regulation is: 


no load speed — full load speed i 


full load speed po 


For example, a motor has a no load speed of 1000 RPMs, but when it is fully 
loaded it has a speed of 800 RPMs. The percent of regulation for this example is: 


% of regulation = 1000 780 x 100 


200 
800 x 100 


25 x 100 


25 


The percent of regulation is 25 percent. This should not be confused with a motor’s 
speed control. Speed control is a term which means external circuitry that is used 
to control the speed of a motor. You could consider the series resistor which is 
used to control a series DC motor and a centrifugal switch as external compo- 
nents to the basic motor. 


Later in your studies of Semiconductor Devices and Electronic Circuits, you on 
will study special devices and complete circuits that are used to control motor 
speed and motor direction of rotation. 
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Programmed Review 


30. When you compare synchronous and asynchronous motors, which type 
operates at the higher speed? 


. (synchronous) The amount of lag between a rotor and the stator field 
is defined as 


. (slippage) A simple three-phase motor has 


. (6) Shading the motor’s poles the motors starting 
torque? increases/decreases 


. (increases) When increase the number of poles in a motor, the motor’s 
speed 


f = increases/decreases 


. (decreases) When you increase the operating frequency of the applied 
voltage, the motor’s speed 
increases/decreases 


. (increases) When you increase the magnetic field strength, the motors 
speed 


increases/decreases 


. (decreases) True synchronous speed occurs when the 
and fields move at the same speed.. 


. (rotor, stator) Torque and motor speed are propor- 
tional. directly/inversely 


. (inversely) The voltage that is necessary to overcome the effects of 
( l friction and inertia is called voltage. 
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40. (offset) The formula for % of regulation is: 


_ NOLOAD SPEED — FULL LOAD SPEED 
41. % REG = FULL LOAD SPEED 
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MOTOR CONTROL CIRCUITS 


It is possible to use a switch to turn a DC motor on and off. However, there are 
times when you will want to vary the speed or direction of the motor rotation. To 
do this, you can use resistors or variable resistors to control the motor. 


DC Control Circuits 


Figure 7-11 shows the simplest DC motor control circuit. In the figure, the DC 
motor is shown as a circle with an M inside the symbol. This is the schematic 
symbol for a DC motor. Switch S;, controls the power to the circuit. Ultimately, 
this switch determines whether or not the motor is running. Resistor R, is a se- 
ries-limiting resistor. This resistor prevents excessive current from flowing through 
the circuit when the motor operates without a load. It is good practice to have a 
current-limiting resistor in the circuit anytime a motor is connected in series with 
a DC power source. The actual control in the circuit is variable resistor Rp. 


+10V S1 





Figure 7-11 
Elementary DC motor control. 


Variable resistor R, actually controls circuit current. When you adjust R, to its 
maximum resistance, it severely restricts the voltage drop across the motor, and 
therefore the current through the motor. This results in the motor turning at a 
slower speed. As you adjust the resistor for less resistance, the motor speeds up. 
In this way, you can use R, to control the speed of a DC motor. 


You might assume that even when R; is set to its maximum value, the motor 
would begin to rotate the instant you close switch S;. This, however, is not true 
because one of the fundamental laws of physics states that “Bodies in motion 
tend to remain in motion, and bodies at rest tend to remain at rest”. In order 
to start rotating and come up to operating speed, the motor must overcome two 
quantities: inertia and friction. 


Friction is the resistance to relative motion between two objects in contact. In 
other words, any time two objects come into contact they tend to hold each other 
in place. In a DC motor, there are many points of contact. Most of the friction is 
the contact between the brushes and the commutator. 
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Inertia is the property of an object by which it remains in motion or at rest, 
unless it is acted upon by some external force. Inertia results from the mass of an 
object. The greater the mass, the greater the force necessary to overcome the 
inertia. Anyone who has tried to push a stalled automobile can readily under- 
stand this concept. The weight of the object (automobile or armature) is a direct 
effect of the gravitational force which acts upon it. Since weight is proportional 
to mass, the analogy between weight and mass is valid. It takes a certain amount 
of energy to overcome the properties of friction and inertia in a DC motor. For 
this reason, you must apply a given amount of voltage to the motor before it 
develops enough torque, or twisting force, to begin turning. This voltage is called 
the offset voltage. In a well designed DC motor control circuit, you select com- 
ponents to compensate for torque and inertia to ensure that the voltage applied to 
the motor always meets or exceeds the value of the offset voltage. This, along 
with the starter winding that is electrically positioned at 90° in relationship to the 
armature, will start motor rotation. 


Incidentally, once you overcome inertia and friction, and the motor is running, 
you can decrease the voltage applied to the motor and still maintain its operating 
speed. This principle also applies to changing loads. When you increase the load, 
the current must also increase to maintain the same speed. To accomplish this, 
you can either increase the applied voltage or decrease the resistance. When you 
decrease the load, you must decrease the applied voltage or increase the resis- 
tance to maintain the same motor speed. More armature current is always re- 
quired to move a heavier load. 


Sometimes, you might need to change a motor’s direction of rotation. Figure 
7-12 shows a motor control circuit which consists of a potentiometer, switch, 
limiting resistor, and DC motor. In this figure, the wiper (center tap) on the po- 
tentiometer is centered. That is, the resistance between points A and B equals the 
resistance between points B and C. At point B, the voltage is 10 volts positive 
with respect to one power supply and 10 volts negative with respect to the other. 
In this configuration, current flows between the +10 V supply and the -10 V 
supply and no current flows through the motor. This is the motor’s null (no dif- 
ference of potential) position and the motor is at rest (stationary). 


As you move the potentiometer from its centered position, current begins to flow 
through the motor. This is shown in Figure 7-12B. Note here that there is much 
less resistance between the -10 V supply and ground than there is between the 
+10 V supply and ground. Therefore, the current flows from left to right in the 
illustration which causes the motor to rotate in one direction. 
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When you adjust the potentiometer in the other direction, current begins to flow 
from right to left as shown in Figure 7-12C. In this instance, the motor direction 
changes along with the direction of current flow through the motor. The motor in 
examples 7-12B and 7-12C turns in opposite directions. 


v ® 





-10V — B 
A Cc 


B 
-10V—— — — —+10V 





B 
-10V— — — — —+10V 


Figure 7-12 
DC motor direction and speed control. 


Besides changing direction, you can use the potentiometer to vary the speed of 
the motor. However, the same problems of inertia and friction occur with this 
control as did with the variable resistor and single voltage source used in Figure 
7-11. The advantage of using both a positive and a negative source is that you can 
null and reverse the motor without changing the circuit wiring. 


The squeeze trigger device is another type of control device which is used to 
regulate the speed of a drill, or to regulate the speed of toy cars on a slot car 
racing track. Soldering guns also use these devices to control the amount of heat. 
The squeeze trigger device is simply a series variable resistance that you adjust 
by finger pressure. 
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Remote Controls 


The term remote control means control at a distance. For example, the garage 
door opener that you use while still seated in your car is a remote control device. 


Arelay is the most common remote control device. A garage door opener uses a 
relay along with an RF transmitter and RF receiver. The transmitter that you 
carry in your car sends out a radio frequency signal that is picked up by a re- 
ceiver inside the garage. The receiver triggers a relay that activates the motor 
which lifts or lowers the garage door. There is usually a switch located in the 
house or garage that is directly wired to the relay. The switch is an alternate 
remote control device to open or close the garage door. 


The lock-in or lock-out box, which is usually located near industrial machines, is 
another example of control at a distance. Most assembly lines have this safety 
feature. This ensures that you are ready for the motors to be started or stopped. 
Most dangerous machines require you to close two switches before operation 
can begin. You can turn these same machines off by either of the switches. 


A microswitch is another common safety device that provides control at a dis- 
tance. You can configure (wire) microswitches to either turn on or turn off, and 
they are often used as pressure sensors or limit switches. A microswitch is the 
type of control that senses when the garage door is fully opened and closed. 
Microswitches are commonly called limit switches. When the door reaches its 


limit (fully open or fully closed) the microswitch disconnects the relay from the 
drive motor. 


Most heavy duty motors are equipped with a thermo-switch that is set to the 
maximum safe operating temperature of the motor. When the temperature of the 
motor exceeds the switch’s setting, the switch opens and shuts the motor off. 
Many of these thermo-switches reactivate once they cool below a specific tem- 
perature. You must manually reset others, like a circuit breaker. These types of 
control devices provide thermal protection or heat control. These heat-sensing 
switches use the thermocouple principle to operate. 


These motor control circuits are very simple and are meant only as an introduc- 
tion to motor controls. 
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MOTOR CONTROL SYSTEMS 


Some controls are built into the motor. Other motor controls are components that 
are mounted directly on the motor. For example, the size and direction in which 
the fields are wound is a built-in control. A resistor in series with the winding, the 
centrifugal switch, and the thermal cut-off switch are examples of add-on fea- 
tures. 


The control circuit is often a complete system. For example, the heating system 
in a house is a complete control system. The furnace (source) supplies the heat. 
The convection air currents form the loop (conductor path). The thermostat pro- 
vides a reference and error detection. The thermostat also sends out a correction 
signal. A system that is controlled by a feedback loop (the air currents) is consid- 
ered to be a closed-loop system. When a system must be continually adjusted 
(such as increasing and decreasing a potentiometer) to maintain a constant speed, 
the system is considered to be an open-loop system. 


A switch control system is sometimes called a go/no-go or bang-bang system. 
For example, there are no decisions or comparisons to be made in a go/no-go 
system. You can use a light switch in your home to turn a light off or on. If the 
light is already on, the switch can only turn the light off. 


Remote Control System 


The automatic garage door opener is a remote control system that contains a 
motor. In this case, the system is made up of a transmitter, a receiver, and motor. 
The transmitter is carried in the car (a remote location) and the receiver is located 
in the garage. The transmitter sends out RF pulses, the receiver intercepts the 
pulses, and starts the motor. Limit switches or pressure switches turn the motor 
off when the work (opening or closing the door) is accomplished. The garage 
door opener is an example of a radio-controlled system. The RF (radio frequency) 
pulses are made up of frequencies in the radio-frequency band. 


There are other common motor control systems in use in industry and other ap- 
plications. The two most common are called synchro systems and servo systems. 


Synchro Systems 


The basic synchro system is a device for angular positioning of a shaft to indicate 
position, or to turn a load. A synchro system does not provide amplification and 
is considered to be a 1:1 device. In other words, the mechanical power that is 
applied is equal to the mechanical power out. This is very similar to transformer 
operation. In fact, it is some times referred to as a variable transformer applica- 
tion. 
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The synchro system is usually made up of 3 elements. The 3 elements are a 
synchro transmitter (TX), synchro differential transmitter (CDX), and a synchro 
receiver (RX). A basic synchro system block diagram is shown in Figure 7-13. 


Figure 7-13 
Block diagram of a synchro system. 


BALANCED SYSTEMS 


The relationship between the synchro’s rotor and stator windings is usually a 
ratio of 2.2:1. For example, when 115 volts AC at 60 hertz is applied to the rotor 
winding, it induces 52 volts into the stator winding with which it is aligned. 
Figure 7-14 illustrates the voltages that are developed across each winding when 
the rotor is aligned with stator winding S}. Note that the voltage that is induced 
into S2 is 52 volts AC. When R, is aligned with S,, R, is aligned with the 180° 
position. 





TX AT 0° CDX AT 0° RX AT 0° 


Figure 7-14 
Balanced synchro system. 


The stator windings are spaced 120° apart. When S, is at 0°, S; will be at 120°, 
and S, will be at 240°. Since the maximum induced voltage into a winding is 52 
volts and the rotor is aligned halfway between S; and S,, the voltage induced 
into S; and S, is 26 volts. 
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The voltage that is induced from the reference stator winding to the end of either 
of the other stator windings is always 78 volts. In most synchro systems, stator 
winding S, is defined as the reference stator winding. Note that in Figure 7-14 
the rotors in the synchro transmitter and the synchro receiver are aligned. Note 
also that the voltages which are developed across the windings of both the trans- 
mitter and receiver are equal. 





DIRECT-COUPLED SYSTEMS 


Note that in Figure 7-15 the synchro transmitter and receiver appear to be electri- 
cally the same. However, they do differ because the transmitter’s rotor is not free 
to turn and the receiver’s rotor is free to turn. The transmitter’s rotor is normally 
coupled to an input shaft. The input shaft loads the rotor so that it does not move 
by electromagnetic induction. When the input shaft is mechanically rotated, the 
transmitter’s rotor winding rotates and develops a voltage across its three stator 
windings. The amount of voltage that is developed is determined by the angular 
displacement of the input shaft. The voltage that is developed across the stator’s 
windings determines the amount (degrees of rotation) that the rotor moved. 
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Figure 7-15 
Synchro transmitter and receiver. 


The stator windings of the synchro transmitter are connected to the stator wind- 
ings of the synchro receiver. The synchro receiver’s rotor is free to turn. The rotor 
of the synchro receiver is usually connected to a dial pointer (very light load). 
The receiver rotor’s position is controlled by the voltages that are developed in 
the receiver’s stator windings. The receiver’s rotor repositions the dial pointer to 
indicate the new angular position of the input shaft. 
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UNBALANCED SYSTEMS 


For example, when the input shaft is attached to the rotor of the synchro trans- 
mitter and it is rotated to the right 30°, the transmitter’s rotor develops a voltage 
across its stator windings. This developed voltage is coupled to the receiver’s 
stator windings. The stator windings in the synchro receiver induce a current 
into the receiver’s rotor that causes it to rotate 30° to the right. The amount of 
displacement of the transmitter’s rotor is indicated by a pointer that is attached to 
the receiver’s rotor. 


Electrically, the synchro transmitter is equivalent to a transformer. In this anal- 
ogy, the rotor is the primary winding and the stator windings are the secondary. 
In the synchro receiver, the stator winding acts as the primary and the rotor winding 
acts as the secondary. 


A synchro transmitter and receiver combination is used in remote indicator ap- 
plications. For example, a compass indicator in the cockpit of an aircraft uses 
this system. The synchro receiver is built into the indicator located in the cock- 
pit. The synchro transmitter is part of the compass located in the aircraft elec- 
tronic compartment. 


DIFFERENTIAL SYNCHRO SYSTEMS 


Another type of synchro system that uses 3 elements is shown in Figure 7-16. In 
this configuration, the synchro transmitter and receiver are separated, and a syn- 
chro control transmitter is added between the transmitter and receiver. Note that 
the differential transmitter has 3 rotor windings and 3 stator windings. The wind- 
ings are again separated by 120° and the turns ratio between the rotor windings 
and stator windings are 1:1. 





TX AT 0° CDX AT 0° RX AT 0° 
SYNCHRO DIFFERENCE CONFIGURATION 


Figure 7-16 
Synchro differential system. 
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THE DIFFERENTIAL TRANSMITTER (CDX) 


A differential transmitter (CDX) is an error detection device. It senses the differ- 
ence between the synchro transmitter (input device) and the synchro receiver 
(output device). Note that the differential stator windings are connected to the 
stator windings of the synchro transmitter. Its rotor windings are connected to the 
receiver’s stator windings. 


The rotor of the differential transmitter is not free to turn. It can be mechanically 
repositioned to program a difference reading. Note that in Figure 7-16, when the 
differential transmitter is turned to the 120° position, and the transmitter is set to 
the zero position, the receiver rotates to the 240° position. 


In other words, the receiver rotates 120° in the opposite direction. When it is used 
in this configuration, the receiver setting equals the transmitter setting minus the 
differential transmitter setting. 


TX- CDX = RX 
0 or 360 — 120 = 240 


When the differential transmitter is connected as shown in Figure 7-17, the re- 
ceiver indicates the sum of the transmitter and differential transmitter settings. 
Compare the synchro configurations shown in Figure 7-16 and 7-17. You should 
have noted that you reverse windings to accomplish the change from a difference 
detector to a summing detector. You must reverse windings R, and R3, and S, and 
S; in the differential transmitter for the summing operation. 


TX + CDX = RX 


0 or 360 + 120 = 120 





OT 120° R 120° 


Figure 7-17 
Synchro tracking system. 
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Figure 7-18 is a simplified wiring diagram of a synchro adder. Compare this 
wiring diagram to the circuit shown in Figure 7-17. Both circuits perform the 
same function and are therefore considered to be equivalent circuits. 





Figure 7-18 
Wiring diagram for tracking systems. 


THE DIFFERENTIAL RECEIVER (CDR) 


There is also a differential receiver (CDR) that is very similar to the differential 
transmitter. The primary difference between the differential transmitter and re- 

ceiver is in the rotors. The rotor in the differential transmitter is not free to turn. 

It must be mechanically repositioned. In the differential receiver the rotor is free 

to turn. ~ 
When you use a differential receiver between a synchro transmitter and synchro ' 
receiver as shown in Figure 7-19, and reposition the transmitter’s rotor, it sets up 

a field in the stator windings of the CDR. This field induces a current through the 

CDR’s rotor. The rotor of the CDR develops a field in the stator windings of the 
synchro receiver. This field causes the synchro receiver’s rotor to turn. The syn- 

chro receiver’s moving rotor induces a current back into the receiver’s stator 
windings. The synchro receiver continues to rotate until the field across the 
receiver’s stator windings cancels the field developed in the differential receiver’s 

rotor windings. At this time, the synchro receiver indicates the angular differ- 

ence between the synchro transmitter and the differential receiver. 





TX AT 180° CDR AT 120° RX AT 240° OY 


Figure 7-19 
Synchro differential receiver between two synchro transmitters. 
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Servo Systems 





A servomechanism is a mechanically-coupled device that is driven by a differ- 
ence between its input and its output. The main parts of a servo system are a 
prime mover, a feedback loop, error detector, and an amplifying device. The prime 
mover is the servo motor, the feedback loop compares the output to a reference, 
or back to the input signal. The error detector is a component that determines the 
difference between the reference and the output. The amplifying device compen- 
sates for losses in the line. The losses could be from friction or line resistance. A 
typical servo system block diagram is shown in Figure 7-20. 


ERROR 
DETECTOR 






INPUT 


AMPLIFIER 


Figure 7-10 
Block diagram of a typical servo. 





AC SERVO SYSTEM 


The conventional AC servo motor is a two-phase induction motor. One input is 
applied to the reference winding and the error input is applied to the control 
winding. When the input (reference) and the output are the same, there is no error 
voltage to detect. When there is a phase difference, the error voltage is applied to 
the control winding, and the servomotor turns until the input and output are in 
phase. As in other induction motors, maximum torque occurs when the input and 
output are out of phase by 90°. 


DC SERVO SYSTEM 


DC servomechanisms are high-torque devices and are used to move heavy loads. 
The motors are specially constructed to develop a linear proportional change in 
output current, for a change in input voltage. The DC servo motor moves much 
slower and smoother than the AC servo motor. Speed and direction of movement 
is easily controlled with DC servos. 


fo AC servomechanisms are used in applications when fast response and low cost 

are the primary concerns. The constant speed aspect of AC motors makes control 
circuitry for the AC servomechanisms more complex than control circuits for DC 
servomechanisms. 
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Therefore, AC servomechanisms have faster response times and are less expen- 
sive than DC servomechanisms. DC servomechanisms are more accurate and 
require less control circuitry. 


A HOME SERVO SYSTEM 


The servo system shown in Figure 7-21 is the remote antenna adjustment system 
that is popular in home use. The rotor control usually sits near the television. 
When you change the television channel, sometimes you align the rotor control 
to a new direction. The electrical difference between the direction the antenna 
was pointing and the new direction is determined by the error detection compo- 
nent. Next, the error signal is coupled to the servo motor. The servo motor turns, 
sending a current to a drive motor. The antenna is physically attached to the drive 
motor, and it rotates as the motor drives. Once the motor has realigned to the 
reference, the error signal reduces to zero, and the motor stops turning. 


ROTOR 
CONTROL 





REFERENCE 
INPUT 


Figure 7-21 
Home servo antenna control system. 


FREQUENCY-CONTROLLED SERVO SYSTEMS 


Model airplane flying is another example of a radio frequency remote control 
system. In this system, there are 2 sets of controls. One control is used to roll the 
plane and is called a roll servo. The roll servo controls the horizontal axis. The 
other control axis is nose up and nose down. It controls the plane’s climb and 
dive, which is the vertical axis. This control is called a pitch servo. 
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Flying model airplanes require servo motors to be mounted in the airplane itself. 
Joy sticks are an electronic device that work on the same principle. A joy stick is 
part of many home video games. A joy stick controls the vertical and horizontal 
axis of a television set. To accomplish this, the joy stick varies the potential that 
is applied to the television’s vertical and horizontal deflection plates. The televi- 
sion set operates much like the oscilloscope that was described earlier in this 
course. 


Commercial and military airplanes have 3 servo systems to control their vertical 
and horizontal axis. They are roll, pitch, and yaw. The yaw servo keeps the nose 
of the plane from varying from side to side. 


When the pilot selects autopilot, the servo systems are actually flying the air- 
plane. That is, a reference is fed to the servos, and the servos receive information 
about altitude, drift, speed, direction of flight, and the plane’s attitude in relation- 
ship to the horizon. When any of the references change, an error signal is auto- 
matically fed back to the servo. The servo then acts on the error signal and re- 
turns the airplane to the desired flight path. 


Many servomechanisms have null and anti-hunt circuits built into the 
servomechanism’s amplifier. These circuits dampen error signals to prevent over 
correction. Later, in your studies of Electronic Circuits you will study these null- 
ing and anti-hunt circuits. 


Comparing Synchro and Servo Systems 


The basic servomechanism is a synchro system that is connected to an amplifier. 
Therefore, the primary difference between a synchro system and a servo system 
is gain. Synchros are considered to be unity-gain systems. Servo systems are 
high-gain systems. Both systems may use a feedback loop. The feedback loop is 
used to route the difference signal (error), back to the input for automatic correc- 
tion. Automatic correction servos are examples of closed-loop operation. When 
the error is detected but not routed back to the input, it is an open-loop servo 
system. 


The purpose of the amplifier in a servo system is to compensate for losses such as 
friction and inertia. The amplifier is also capable of supplying large currents to 
move heavy loads. 
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Programmed Review 


42. When a motor is nulled, current flow. 
does/does not 


. (does not) The turns ratio of the rotor winding to stator winding in a 
synchro transmitter is 


. (2.2:1) The turns ratio of the rotor winding to the stator winding in a 
CDX is 


. (1:1) The transmitter in the synchro system free to turn. 
is/is not 


. (is not) The receiver in a synchro system is usually used to drive a/an 


. (remote indicator) The synchro system usually doesn’t contain an 


. (amplifier block) The synchro transmitter’s stator winding are con- 
nected to the windings. 


. (receiver or control differential stator) The differential transmitter has 
three stator windings and rotor windings. 


. (three) To convert a differential synchro system from a difference de- 
tector to a summation system, you should reverse the 


. (S; and S; and R; and R, windings of the differential transmitter) The 
primary difference between a synchro and a servo system is 
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. (gain or amplification) Electrically, a synchro transmitter is equivalent 
toa 


. (synchro receiver) The stator windings in a servo system are displaced 
from each other by degrees. 


. (120) The stator winding that is used as the standard in synchro trans- 
mitters and receivers is the winding. 


. (Sa winding) 
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EXPERIMENT 11 


Identifying Motor Symbols 
OBJECTIVES: To identify schematic drawings which represent various 
motors. 


To match motor applications to the symbol that represents the 
motor that is most used for that particular application. 


To identify, by symbol, which motors are used with AC and 
DC supplies. 


Introduction 


This experiment provides you with some practice in identifying the motor sym- 
bols that are used in schematic drawings. It also serves to review the various 
motors that were described in this unit. 


` 


Procedure 


1. In the spaces provided, select the symbol or symbols that represent the 
following types of motors. The motor symbols are located on the last page 
of this experiment. 

Series wound 
Shunt wound 
Compound wound 
Three-phase 
Two-phase 
Single-phase 
Induction type 


Synchro ty “ 


Universal type 
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Which symbol or symbols represent a motor that could have series aiding or 
series opposing field windings? 


3. | Which symbol or symbols represent motors whose rotor winding have a 2.2 
:1 ratio to their stator windings? 


4. Which symbol or symbols represents a control differential transmitter? 


5. | Which symbol or symbols have their stator or field winding separated elec- 
trically by 120°? 

6. Which symbol or symbols represent either a receiver or transmitter motor? 

7. Which symbol or symbols have their rotor windings separated electrically 


by 120°? 


8. Which symbol or symbols represent the motor that is most used to develop 
power ratings of more than 746 watts? 


9. Which symbol represents the least expensive motor? 





10. Which symbol or symbols are not used for AC applications? 


Discussion 


The motors in this experiment are all induction-type motors. There are generally 
divided into three categories. The categories are required voltage supply, type 
construction, and application. 


Summary 


The series-wound motor (I) is the most-commonly-used motor for small loads. It 
can be used in both AC and DC applications. When insert a small resistance in 
series with its brushes, it is called a universal motor (either AC or DC). Series 
motors also require some type of resistive load to prevent thermal runaway. The 
series motor uses a split field for its starting and running fields. 


A Shunt (A) and compound motors (H and J) are never used for AC applications. 
( Shunt motors develop lower torque than series motors, but they have a higher 
starting speed. The shunt motor is considered to be a constant-speed motor. 


Compound motors can have series-aiding (cumulative) or opposing (differen- 
tial) fields. Compound motors usually have a starter field, which is disconnected 
(opened) by a centrifugal switch, when it approaches its running speed. 


Single-phase motors are usually used for loads that require less than 1 horse- 
power. 


Two-phase motors are normally used in synchro/servo systems. These systems 
are used to detect an error, or in automatic error correction systems. 


Three-phase motors (K) have their stator windings electrically separated by 120°. 
They normally have a squirrel cage rotor, and are used for load requirements in 
excess of 746 watts. 


Synchro motors (E) have three rotor and three stator windings which are electri- 
cally separated by 120°. The turns ratio from their rotor to stator winding is 1:1. 


Servo motors (D) have 3 stator windings that are separated electrically by 120°. 
Stator S, is the reference winding in a servo motor. The turns ratio, from the 
rotor winding to the stator winding, is 2.2:1. When it is used in a circuit with 
amplification, the circuit is called a servomechanism. The servomechanism some- 
times uses a synchro transmitter as its error detection component. 


Almost all electrical motors are driven according to the electromagnetic induc- 
tion principle. Therefore, most motors are induction motors. 


E 
p pi 


® 
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Figure 7-22 


SUMMARY 


You use the left-hand rule for generator operation and the right-hand rule for 
motor operation. 


Induced voltages and currents oppose the potentials which caused them. 


Inertia and friction are the two primary physical characteristics that you must 
overcome to cause a mechanical object (armature) to rotate. Inertia and friction 
are both maximum when the motor is at rest. 


Torque and motor speed are inversely proportional. The faster a motor turns, the 
less torque it develops. Motor speed is usually referred to as either synchronous 
or asynchronous speed. A synchronous motor’s armature turns at almost the same 
speed as the field windings. An asynchronous motor’s armature lags the field 
windings by an angle of up to 90°. This lag angle is called slippage. When an 
armature lags the field by 90°, maximum torque is developed. 


One cycle of armature rotation is equal to 360°. One cycle is also equal to 27 
radians. One radian is equal to approximately 57.3°. Two 1 is usually rounded 
off to 6.28. A radian is an arc equal to the radius of a circle. 


DC motors are more versatile than AC motors. 


Motors are usually classified by their construction. They can be series, shunt, or 
compound motors. A series motor has the field and armature in series with each 
other. The shunt motor has the field and armature windings connected in paral- 
lel. In a compound motor, one winding is in series and the other winding is in 
parallel. 


The series motor is the most common type of motor. You can use it with AC or 
DC voltages, and is sometimes referred to as a universal motor. When you use a 
series motor, you must use a resistive load to prevent motor runaway, if the load 
opens. When they are used in an AC application, you should add resistance in 
series with the brushes to reduce arcing. Arcing can destroy the motor’s arma- 
ture, as well as the brush face. 


The main cause of a malfunction in DC motors is usually brush related. 


AC motors are usually referred to as either single-phase or three-phase motors. 
Most fractional horsepower motors are single-phase. Most motors rated at more 
than one horsepower are polyphase motors. The term polyphase means more 
than one phase. 
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Most two-phase motors are used as synchro or servo motors. The three-phase 
motor is considered to be the most popular type of polyphase motor for industrial 
applications. 


In a single-phase motor, the start field winding is usually placed at 90°, in refer- 
ence to the armature. This provides a maximum induced current to cause initial 
rotation. When you add resistance in series with the field winding, you reduce the 
current and decrease the induced (opposite polarity) voltage. This decrease in 
opposing potential causes the motor to increase RPM. When you add the resis- 
tance in series with the armature, the drive current decreases and the motor slows 
down. Motor speed is directly proportional to drive current, and inversely pro- 
portional to magnetic field strength. 


In atwo-phase motor the fields are 180° out-of-phase. The motor is controlled by 
2 separate inputs. When you want to reverse its operation, you reverse its inputs. 
This type motor is normally a nulling device. 


The three-phase motor has the fields separated by 120° and may use either the 
delta or Y (star) wiring configuration. 


Field windings in a motor are called stator windings. The rotating conductor is 
called the armature or rotor. 


An AC motor’s speed (RPM) is directly proportional to applied voltage and fre- 
quency and inversely proportional to the number of poles. In a simple, three- 
phase motor, each field has 2 poles. 


Motor regulation is expressed as a percentage. The formula for % of regulation 
is: 


no load speed — full load speed x 100 
full load speed 

The simplest motor control device is a series resistor. Anytime you add resistance 

in series, motor speed decreases. You can use a potentiometer to control a DC 

motor’s speed and direction of rotation. 


Other motor controls are relays, limit switches, thermo-switches, centrifugal 
switches, on/off switches, and radio-frequency-controlled devices. 


The synchro and servo systems are examples of motor control mechanisms. The 
main difference between a synchro and a servo system is that the synchro has 
unity gain and the servo has a very high gain. 
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The synchro system is made up of a synchro transmitter (TX), differential trans- 
mitter (CDX) or receiver (CDR), and a synchro receiver (RX). 


The servo system is a synchro system with an amplifier added. 


You can operate both synchros and servos with either closed or open loops. With 
a closed-loop system, a sample of the output is fed back to the input. 


In both synchro and servo systems, the transmitters are not free to turn. The 
receivers in both systems are free to turn. The synchro system is usually used to 
drive a pointer or dial indicator. A servo system is used to control a heavier load. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understand- 
ing of the material that was presented in this unit. Place a check beside the mul- 
tiple choice answer (A, B, C, or D) that you feel is most correct. After you com- 
plete the examination, compare your answers with the correct ones that appear 
after the exam. 


1. The most common type of fractional horsepower motor is the: 


series type. 

shunt type. 

compound type. 

3-phase induction motor. 


Damp 


2. The most common type of multiple horsepower motor is the: 


A. series type. 

B. shunt type. 

C. universal type. 

D. 3-phase induction motor. 


3. The primary advantage of the shunt-wound motor is its: 


A. simple construction. 

B. almost constant speed characteristic. 
C. flexibility. 

D. high-torque capability. 


4. The most serious disadvantage of the DC series motor is its: 


tendency toward thermal runaway. 
low-torque capability. 
constant-speed characteristic. 
complexity of construction. 


vnw» 


5. The universal motor is a modified: 


A. shunt type. 
B. compound type. 
C. series type. 
D. induction motor. 
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10. 


11. 


To develop maximum torque: 


A. 
B. 
C. 
D. 


the start winding is in series with the armature. 

the run winding is in series with the armature. 

the start winding is offset from the armature by 90°. 
the run winding is offset from the armature by 90°. 


You add a capacitor to a motor’s circuit to: 


A 
B 

C 
D 


increase operating speed. 

increase starting torque. 

cause the motor to operate at a constant speed. 
increase a motor’s horsepower rating. 


When you increase a motor’s field strength it: 


DAW p> 


An 


DOA > 


5" 


DAS 


increases its speed. 
decreases its torque. 
increases friction. 
decreases its speed. 


example of a 2-phase motor is the: 


synchro motor. 

multiple horsepower motor. 
compound motor. 
polyphase motor. 


a 3-phase motor the field windings are: 


separated by 90°. 

separated by 180°. 

physically separated by 120°. 
electrically separated by 120°. 


A motor develops maximum torque: 


DAP 


when it operates at its synchronous speed. 
when it operates at its asynchronous speed. 
upon initial start. 

when it operates at its maximum speed. 
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12. 


13. 


14. 


15. 


16. 


17. 


To reverse the direction of rotation of a 3-phase motor, you can: 


reverse one of its inputs. 

reverse two of its inputs. 

reverse the AC power plug. 

reverse the field and armature windings. 


DAP 


A 3-phase motor is turning at its operating speed with a light load. If one 
winding opened, the motor would: 


A. continue to turn, but at a slower speed. 
B. increase speed. 

C. stop turning. 

D. rapidly overheat. 


Select the correct statement for a 3-phase motor. 


Delta wound and star wound mean the same thing. 
Changing from delta wound to Y wound increases current. 
Changing from delta wound to Y wound increases voltage. 
Changing from Y wound to star wound increases torque. 


BAw p 


Two pi radians are equal to: 


A. one alternation. 
B. 180°. 

C. 360°. 

D. 


the period of a sine wave. 


A differential synchro is used in a servomechanism as the: 


A. prime mover. 

B. amplifying block. 
C. input device. 

D. 


error detection device. 
In servo system the component that is usually free to turn is the: 


servo transmitter. 
servo receiver. 
synchro components. 
differential transmitter. 


DAS 
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18. The characteristic that usually separates a servo system from a synchro 


system is: 

A. the ability to control at a distance. 
B. automatic correction. 

C. gain. 

D. the ability to detect errors. 


19. Select the correct statement. 


The servo motor has 3 stator and 3 rotor windings. 

The rotor windings of a servo are separated by 120°. 

The synchro motor has 3 stator windings and 2 rotor windings. 

The turns ratio between a synchro’s rotor and stator windings is 1:1. 


Saw pS 


20. When a 115 volts is applied to the rotor of a servo motor, the maximum 
voltage developed across any stator winding is approximately: 


A. 115 volts. 
B. 78 volts. 

C. 52 volts. 
D 


26 volts. ZA 
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EXAMINATION ANSWERS 





1. A-—The most common type of fractional horsepower motor is the DC se- 
ries, permanent magnetic type. It is the type used in inexpensive toys. 


2. D—The most common type of multiple horsepower motor is the 3-phase 
induction motor. It is the type used in electric dryers, washing ma- 
chines, and numerous industrial applications. 


3. |B —The shunt type motor is used in AC applications and has an almost 
constant speed characteristic. 


4. A — The DC series motor should always have a series load to prevent ther- 
mal runaway. 


5. C — The universal motor is so called because it can operate with either AC 
or DC voltages. However, it is more efficient when it is used with DC 
voltages. 


6. C — Maximum torque is needed and created at the time of initial start. 
~ Maximum torque helps the motor overcome initial friction and iner- 
l tia. 


7. B — The addition of a capacitor to the motor’s circuitry causes the phase 
difference to be approximately 90°. This increases starting torque for 
the motor. 


8. D — Speed is inversely proportional to field strength. 


9. A—Synchro and servo motors are the most common types of 2-phase 
motors that are used in homes and industry. 


10. D— The stator windings in a 3-phase motor are electrically separated from 
each other by 120°. 


11. C — The current demand is maximum upon initial start. At this time, there 
is no electromagnetic feedback to oppose rotation. Therefore, torque 
is maximum. 


12. B — You can reverse two of the input windings on a 3-phase motor to re- 
verse its direction of rotation. 
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13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


A — Although a 3-phase motor with an open field winding may not start 


rotating, if it was already operating when the field winding opened, 
and it was under a light load, the speed of rotation will decrease. You 
may or may not be able to visually detect this decrease. The motor 
will also start to heat. For this reason, you should periodically check 
the speed of all 3-phase motors. 


C — Changing from delta wound to Y wound increases the resistance and 


decreases the current. This results in a higher output voltage, but at 
reduced current. 


C — One radian is equal to approximately 57.3 degrees. 


6.28 x 57.3 = 360 degrees. 


D — The differential synchro is used as the error detection device in a ser- 


vomechanism system. 


B — The only difference (electrically) between the servo or synchro re- 


ceiver and transmitter is that the receiver is free to turn and the trans- 
mitter is not free to turn. 


C — The servomechanism system contains a prime mover, error detection 


device, and amplification. The synchromechanism is usually a direct 
drive system with a 1:1 coupling ratio and no gain. 


D — The turns ratio of a synchro (rotor to stator) is 1:1. The turns ratio of a 


servo motor is 2.21:1. 


C — The maximum voltage induced across any stator winding in a 115 


VAC servo motor is 52 volts. The turns ratio is 2.21:1. 


115/2.21 = 52 V. 





UNIT 8 


AC HOME APPLICATIONS 
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INTRODUCTION 


This unit is designed to provide you with a better understanding of AC electrical 
systems that you use in your home everyday. Many people take AC for granted. 
They turn on lights, cook meals, watch TV, stay warm, and hundreds of other 
applications daily, but don’t think about how the various equipment are powered. 


There are various RULES about what you can and can’t do to house wiring. 
These rules fall into Electrical Codes and are controlled by government regula- 
tions. The government regulations come from the federal government, state gov- 
ernment, county government, and even city and town codes. This course is only 
informational and not designed to supplement or supersede any regulations (codes) 
that apply in your district. In many areas, unlicensed persons (home owners) are 
allowed to do little more than change fuses, reset circuit breakers, and plug com- 
ponents into existing power outlets. 


The purpose of electrical codes is to safeguard people and property from hazards 
that are associated with electricity. The exact codes vary from location to loca- 
tion. You should check with the local power company and the building inspector 
assigned to your district, before you make any changes to existing wiring. In 
many cases, electrical wiring changes must be done by a locally licensed electri- 
cian. 


Earlier, this course described the power company and their high voltage power 
line. This unit picks up this description at the high voltage power line and contin- 
ues to the individual service drop. You will then follow the routing of the service 
drop through a typical house. 


Read the unit objectives carefully. They will help you identify and relate the 
various text material to common knowledge and electronic rules and principles 
you studied earlier. 
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UNIT OBJECTIVES 


When you complete this unit you will be able to: 


1. 


2. 


10. 


11. 


12. 


13. 


Explain the term service drop. 

Identify the point at which the home owner’s responsibility begins. 
Explain the term power distribution box. 

Calculate the maximum AC load for a given power outlet. 

Explain the limitation that is placed on paralleling loads. 


Name the two common types of safety devices which are used to discon- 
nect excessive loads from their voltage source. 


Identify which motors in your home are universal types and which are single- 
phase, two-phase, and three-phase motors. 


Use the data that is supplied on a typical appliance’s nameplate to calculate 
the current, voltage, and power that it requires to operate. 


List the common electrical safety equipment that should be in every home. 
Identify the type circuit that is used to recharge DC appliances such as 
cordless electric shavers, smoke detectors, portable mixers, and cordless 
hand held vacuum cleaners. 

Identify potential electrical fire hazards in your home. 


Recognize a blown fuse. 


Explain the advantage and disadvantage of fuses when they are compared 
to circuit breakers. 
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UNIT ACTIVITY GUIDE 


Completion 
Time 


Read “The Service Drop.” 

Complete Programmed Review Frames 1-14. 
Read “Paralleling Loads.” 

Complete Programmed Review Frames 15-21. 
Perform Experiment 12: Designing AC Loads. 
Complete Programmed Review Frames 22-32. 
Read “Safety.” 

Complete Programmed Review frames 33-50. 
Study the Summary. 


Complete the Unit Examination. 


OOoOooOodadcoanaUaA Oo Oa 


Check the Examination Answers. 
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THE SERVICE DROP 


As a power company customer, you are primarily concerned with the power that 
actually enters your home. More specifically, you are concerned with the power 
that you must pay for. This is the power (I x E) you use from your service drop. 


Earlier in this course, you learned that the power company transports power at 
extremely high AC voltages and low current values. They do this because it is 
easier, safer, and less expensive than transmitting low voltages at high currents. 


However, before you can use the electrical power in your house, it must be con- 
verted to a lower voltage and a higher current. The service drop accomplishes 
this (see Figure 8-1). 


HIGH VOLTAGE 
POWER LINE 








SERVICE 
DROP 





STEP-DOWN 
TRANSFORMER 


The service drop. 
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Transformer 


The power company’s main line is fed into a step-down transformer. The trans- 
former lowers the line voltage from an extremely high voltage to the 120 volt, 60 
hertz source that is supplied, through the service drop, to the individual customer 
or household. 


The transformer, mounted either on a power pole or underground on the utility 
company’s right-of-way, determines how much power its secondary can supply. 
The transformer is usually protected by circuit breakers that are mounted directly 
on the transformer or in a power company utility service box. 


The transformer may supply power to more than one service drop or residence. 
Therefore, a power failure in your home may be caused by your neighbors. The 
power line in this example is called a common or shared feeder line. Even when 
you don’t share a transformer with your neighbor, weather or some other distur- 
bance in the line can cause your power loss. 


Before the service drop enters your house, it passes through a droop loop. The 
droop loop prevents rain and moisture from draining into the wall where it could 
cause damage by rotting the wall or cause short circuits. The droop loop is de- 
signed to route water away from the house. 


The service drop is usually 3 wires that provide 120 volts, 60 Hz service to the 
house. Two of the lines are 180° out of phase with each other. You can use the two 
lines that are out of phase by 180° to provide a 240 volt source. You cab also use 
each of the two lines as 120 volt sources. The service drop is routed through the 
electric company’s power meter, and terminated in a power distribution box. 


Power Meter 


The power meter is usually mounted on the outside wall of the house, near the 
power distribution box. The service drop also has an ampere rating. This is the 
maximum current that can be supplied by the service drop. Normally, single fam- 
ily houses have either, a 100 ampere service (for older houses), or 200 ampere 
service (for newer and larger homes). 


Service ampere rating is an important consideration when you buy a house. For 
example, some older houses are wired with a 60 ampere service drop. When the 
house was originally wired, it may have been heated with fireplaces or oil space 
heaters. However, there have been numerous electrical appliances marketed in 
recent years that were not available when the house was originally wired. 
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For example, suppose you buy an older home and install an electric furnace, 
refrigerator, freezer, garbage disposal, electric dishwasher, electric hot water 
heater, electric range, radio, TV, electric can opener, garage door opener, a well 
motor, and a variety of plug-in appliances. You may then find that the service 
drop is not equipped to handle the load. When this happens, you must contact the 
power company and arrange for an increase in your service drop and hire a li- 
censed electrician to install another power distribution panel. 


The electric power company’s meter has a tamper proof seal that must not be 
removed. The power company reads the meter, usually monthly, to determine 
the power actually used by the residence. They then compute your electric bill. 
The power that you consume (use) is rated in kilowatt hours and it has a sliding 
rate scale. Once you surpass their standard fixed rate, the more power you use, 
the cheaper the rate per kilowatt hour. 


The electric company reads the power meter that is attached to your house. They 
read the 5 dials at the top of the power meter from left to right. The left-most dial 
is the most significant digit. Note in Figure 8-2 that there is a small 1 located near 
the left dial. The 1 marks the most significant dial for the meter reader. 


The meter in Figure 8-2 reads 25050, in kilowatt hours. Assume that the electric 
company charges .045 cents per kilowatt hour for the power used. Compare the 
meter’s present reading (25050) to the reading on file from the last reading (for 
example 24050). You will see that at the start of the pay period (the last time the 
meter was read) to this meter reading there is a difference of 1000 kilowatt hours. 
This is the power that you actually used during the pay period. The cost of the 
power used is: 


1,000 x 0.045 = $45.00. 


The electric company’s rate varies from one company to another. The rate also 
varies due to the amount of power that you use. To find the exact rate for your 
usage, you can contact your local power company, or you can divide the cost of 
the power by the amount of power used to calculate the rate. This information is 
included as part of your electric bill that comes from the power company. 
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Examine the power meter attached to your residence. The rotating dial in the 
center of the meter is actually keeping pace with the rate at which you are using 
power. The more power you use the faster the dial turns. 







INDICATES 
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SIGNIFICANT } Nee 
DIGIT Y 


SINGLE STATOR pe 


~~ ROTATING Ce £, 
DISK (CLOCK) ete Fx 


TAMPER 
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Figure 8-2 
The power meter. 
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There may be additional charges on your electric bill such as cost recovery fac- 
tor, which varies month to month and power company to power company. A tax 
is also added to your bill. Another charge that is common on electric bills is for 
rented equipment. One example of rented equipment is the security light that the 
power company installs and maintains at your request. A typical electric bill is 
shown in Figure 8-3. 


SERVICE PERIOD METER READINGS 
FROM TO PREVIOUS PRESENT 


09-30 10-29 24050 25050 1000 


AMOUNT 
BALANCE AS OF LAST BILLING DATE 50.00 
PAYMENT RECEIVED 10-03 50.00 
PREVIOUS BALANCE 00.00 
1000 kwH USED THIS PERIOD 45.00 


POWER SUPPLY COST RECOVER FACTOR 5.00 

AT .005/kWH 

SECURITY LIGHT RENTAL 4.50 

TAX AT 5% 2.70 
TOTAL 57.20 


DUE DATE PAY THIS 
AMOUNT 
11-15 57.20 





Figure 8-3 
Typical electric bill. 


When you compare your electric bill month-to month you can ensure that the 
power company doesn’t make a mistake on your electric bill. You will also know 
when your bill has been estimated and how much you have been overcharged or 
undercharged. This eliminates the surprise, when they actually read the meter 
and make the adjustment, to compensate for the estimated bill. 


On the bottom of the electric bill, your cost per day is calculated for you. This is 

the average cost per day for that particular pay period. When these numbers 

change drastically, from one pay period to the next, there should be a valid rea- “vn, 
son. The reasons that are most common are, additional people using power (house a 
guests), and severe changes in weather. 
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Power Distribution Box 


The power distribution point of the power system is the dividing point between 
what you own, and what you rent from the power company. Even though the 
utility pole, transformer, and power meter may be on your property, they belong 
to, and are maintained by, the power company. Power companies as well as other 
public utilities have a right-of-way under, over, or through private property. 


A power distribution box, like the one shown in Figure 8-4, separates the service 
drop into power busses. The number of busses in a distribution box may vary 
from house-to-house. A power buss is the voltage source or sources which are 
located inside the power distribution box. 


HIDDEN FUSES 
QUICK 
DISCONNECT (IN-LINE) 





INDIVIDUAL LINE FUSES 


POWER DISTRIBUTION PANELS 


Figure 8-4 
A 200-ampere distribution box. 


Generally, the incoming power is divided into two busses. Each buss is protected 
by a series in-line fuse. In the case of a house with 200 ampere service, usually 
four 50 ampere fuses are used. These fuses are located inside a plastic housing, 
and are used to disable power to your house. The electrical code book states that 
you can use no more than six switches to disconnect complete power. That means 
that you could have your service drop divided into 6 separate buss boxes, if you 
can disable each buss box by a single switch. 
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Grounding The Power Box 


The power distribution box must be earth grounded. One very effective earth 
ground is the cold water input pipe to your house. You also can drive a copper 
solid conductor into the ground to a depth of 4 feet to create another effective 
earth ground. A heavy conductive wire is then bolted between the grounding rod 
and the chassis (frame) of the power distribution box. 


Do not use your hot water pipe for a ground because it may not provide a good 
ground. The heat from the pipe causes the wire to oxidize and corrode. This 
causes the ground to become ineffective after a period of time. 


Wire Gauges 


Another consideration when you wire a house is the gauge of wire that you must 
use. Figure 8-5 is a list of standard wire gauges and their current ratings. 





Figure 8-5 
Copper sire gauge chart. 


Most of the wiring inside houses is #12 gauge insulated copper wire. An electric 
range and clothes dryer may require a much heavier (lower number) gauge wire. 
The service drop into your home is a very large diameter wire. In many cases, 
you can see the size of the bare conductor that enters the power meter and the 
power distribution box from the service drop. If you compare these wires to the 
size of the wires that enter your home to supply power, to individual loads, you 
will notice the difference in size. 


Programmed Review 


1. 


The service drop is connected to the main power line through a 


(step-down transformer) The service drop has a voltage and 
rating. 


(current) The service drop is maintained by the power company and 
includes the and 


(transformer, power meter, input power lines) The power distribution 
box is the responsibility of the 


(home owner) How many dials are on the standard power meter to 
record power used? 


(five) The power company charges for power by the 


(kilowatt-hour) What part of the power meter measures the rate at which 
power is used? 


(spinning dial) Which dial on the power meter designates the most- 
significant digit? The - dial 


(left-most) The most common service drop for new houses is a 
-ampere service. 


. (200) The voltage from the service drop is a/an 


. (120) The power distribution box divides the service drop into 
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12. (oad lines) The power distribution box is protected by 
fuses. 


13. (in-line) What is the maximum number of disconnects which can sepa- 
rate house hold current from the service drop? 
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PARALLELING LOADS 


Inside the individual buss box, the circuits may be split into separate lines, and 
are fuse or circuit breaker protected against circuit overloads. These safety de- 
vices open the current path to disconnect shorted appliances or wiring from the 
source voltage. Fuses and circuit breakers protect the loads from the source volt- 
age, and in turn, protect the loads from supply surges. 


Current Paths 


Each current path is limited to a specific current load. In many homes, individual 
lines are protected by 15, 20, and 30 ampere fuses or circuit breakers. However, 
15-ampere fuses are the most commonly used. Even wall receptacles and on/off 
switches, in most houses, are safety tested and rated for 120 volts at 15 amperes. 
This means that a buss line could safely carry a load of 1800 watts (120 V x 
15 A). 


For your own information, examine the power distribution box in your home. 
Note the current ratings that are printed on the fuses (and/or circuit breakers). 
Also note if it uses all fuses, all circuit breakers, or a combination of fuses and 
circuit breakers. You should know where the distribution box is located in your 
own home. You should also make sure that you have a supply of spare fuses for 
each rating that is used in your particular distribution box. 


In Figure 8-6, you can pull the quick disconnect fuse blocks to disconnect all of 
the power used in the house. Each of the fuse blocks could be divided and still 
remain within code. Remember, all power must be disconnected by no more than 
6 disconnects. In many power boxes, some or all of the disconnects are in the 
form of knife switches. 


120V SERVICE 
DROP 







| > INLINE FUSES 


240V SERVICE 
DROP 


LOAD FUSES VOLTAGE BUSSES 


Figure 8-6 
Power distribution box. 
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Each line from the distribution box is capable of supporting 15 A. The 15 A line 
is divided, by paralleling loads, until the parallel branch currents equal nearly 15 
amperes. The wall plugs are usually paralleled in lighter loads, to allow addi- 
tional loads to be plugged in. 


Most overhead lighting is connected in parallel to each other, and then connected 
through a fuse to the 120 volt supply. In this case, the line could support thirty, 60 
watt light bulbs. 


P=120V x 15 A or 1800 W 


1 light bulb = 60 W 


1800 W _ 
60W = 20 


When you connect the lights in parallel, all of the lights won’t go out when a 
single bulb fails. A light bulb usually fails because the filament (heating ele- 
ment) melts and opens. 


One of the most common light bulbs in the average home are incandescent, 55 or 
60 watt bulbs. The higher the wattage of the light bulb, the more light it puts out. 
The brighter the bulb, the more heat it dissipates. When you need more light in a _, 
specific area, a light fixture that contains more sockets is normally used. i 


You should use caution when you replace light bulbs with bulbs that have a 
higher wattage rating. Many lamps and light fixtures have warning statements 
that specify the maximum wattage rating that it can handle safely. 


Home Appliances 


Lighting and wall plugs actually account for very little of the total power used in 
homes. The majority of the power is used by large appliances. Cooking, heating, 
laundry, washing dishes, and taking baths consume well over half of all of the 
power that is used in a home. Figure 8-7 shows some typical household load 
currents with a 120 volt source. 


For example, a single 1500 W, 120 V baseboard heater requires 12.5 A of cur- 
rent. If you had 4 of these heaters in a house, they would account for almost half 
of the 200 A service. When you use a 240 volt source to operate the same wattage 
heater, the current is less than 7 A. 


A typical 14,000 BTU air conditioner that operates from a 120 volt source draws 
8 A of current, while a 240 volt, 14,000 BTU air conditioner requires approxi- ~ 
mately 4 A of current. 
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ELECTRIC STOVE 
DISHWASHER 

1500 W HEATER 
ELECTRIC FURNACE 
HOT WATER HEATER 
CLOTHES DRYER 
GARBAGE DISPOSAL 
WASHING MACHINE 
FREEZER 
REFRIGERATOR 

ICE MAKER 
ELECTRIC IRON 
ELECTRIC SKILLET 
TOASTER 

CAN OPENER 


LIGHTING 10% 

OF SERVICE DROP 20.0A 

WALL PLUGS 10% 

OF SERVICE DROP 20.0A 
m TOTAL 189.9A 


*INDICATES MOTOR CONTROLLED DEVICE 





Figure 8-7 
Typical! household load currents. 


Therefore, electric stoves, clothes dryers, air conditioners over 12,000 BTU, hot 
water heaters, and heaters rated over 1000 watts are usually are wired for 240 
volts. 


Appliances which are wired for 120 volts and 240 volts are not interchangeable. 
Special line cords and receptacles (see Figure 8-8) are required for 240 volt op- 
eration. 


Since the power used is IR, this is much more efficient than the higher currents 
required by the 120 volt examples listed on this page. 
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Combining Loads 


A power distribution box that contains 6 output lines can handle a maximum 
load of (6 x 1800 W) 10,800 watts or 180, 60 watt light bulbs. This is also re- 
ferred to as 10.8 kW. Remember it is kilowatt (kW) hours that you pay for. For 
this to be true, all of the lights must be on for one hour. Even though your service 
may be rated at 200 amperes, rarely if ever, will you use maximum current on all 
of the lines at the same time. 


Suppose that each output line, in each power buss, is capable of supplying ex- 
actly 15 amps. Also assume that the house is wired for 200 ampere service. In 
this case, the house could contain a maximum of 13 (200 divided by 15) separate 
and distinct 15 ampere lines, with 5 amps left over. 


Fortunately, the peak or instantaneous power is not what you pay for, and you 
don’t use all of your electrical appliances at the same time. The assumption of 13 
balanced lines is also invalid. In every house, there are appliances that are wired 
directly into the power distribution box. Some of these are electric stoves, elec- 
tric dryers, electrical hot water heaters, electric furnaces, and central air condi- 
tioners. 


It is also safe to say that not all of your appliances are rated at 120 volts. Many of ~ 
the larger load appliances are rated at 220/240 volts. This accounts for the vari- 
ety in sizes of fuses and circuit breakers in the average home. 


A 15 ampere branch can support 15 appliances that draw 1 ampere of current 
each. This can become a problem when you use extension cords. When you plug 
an extension cord into a wall outlet, you have no way of knowing how much of 
the branch current is already being used. That is why its not a good idea to con- 
nect extender junction boxes to wall plugs. When a branch becomes overloaded, 
in most cases it blows (causes to open) a fuse in the distribution power box. If the 
overload is severe enough, and the protective device fails to disconnect (open) 
the circuit, it could cause a fire. 


Load Power 


Power is dissipated in the form of heat. When you use light duty (small wire 
gauge) extension cords, they may overheat which softens their insulation. Also, 
when the insulation is hot, it tends to scrap off which causes a potential shock 
hazard or short circuit. Extension cords, as well as other power cords, tend to 
fray and become weakened at their ends. This is caused when you twist the ends 
as you plug and unplug them. This can also result in a short circuit and a poten- aa, 
tial shock hazard. You should take care not to route electrical wiring of any kind 
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where it could be exposed to pressure. Pressure can occur when step on the cord, 
drag objects over the cord, or even bend the cord around corners. 


Never pull on the cord to unplug extension cords or appliances. Always grasp the 
body of the plug when you connect or disconnect a cord. 


Inspect your extensions cords on a regular basis. Discard or repair any wiring 
that shows excessive signs of wear or cracked insulation. 


A 2 horsepower (HP) circle saw, operated from a 120 volt source, draws 12.5 
amperes of current. 


1 HP = 746 watts 
2 HP = 1492 watts 


1492 W _ 
120V = 12.5 A 


Since most wall plugs are rated at 15 amperes, the circle saw in conjunction with 
only 3 other amps of load current, is an overload. When you use a light duty 
extension cord to power the circle saw, the extension cord will heat up. When 
you use insulated extension cords, periodically touch the cord to see if itis warm. 
If it is, lighten the load current or use a heavier (smaller number) gauge conduc- 
tor. 


Remember, the smaller the conductor’s diameter the higher its resistance. Also, 
the longer the extension cord, the higher its resistance. For example, an extension 
cord has a resistance of only 2 ohms. When you connect it between the 2 HP 
circle saw in the earlier example and the 120 volt wall plug, the extension cord 
drops (12.5 A x 2 ohms) 25 volts. Thus, the saw has an applied voltage of only 95 
volts. The lowered voltage causes the saw to turn at a lower RPM. You may not 
notice that it is not turning slower, but you will notice that it doesn’t cut as effi- 
ciently as it should. This could lead you to the false assumption that the saw 
blade is dull and needs to be replaced. 


Extension cords should be kept as short as possible. Power dissipated is PR, and 
a larger diameter shorter extension cord is less expensive and more efficient. The 
cord in the example (wastes) dissipates: 


PR = (12.5 A) (2 ohms) = 312.5 watts. 


Broken strands within the conductor weakens an extension cord and increases its 
resistance by decreasing its diameter. 
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DIRECT WIRED APPLIANCES 


Some appliances must be connected to specific receptacles. For example, the 
electric range and the electric clothes dryer are both 240 volt appliances but they 
have very different power requirements. The receptacles and power plugs for 
each of these appliances are matched so that they cannot be interchanged. When 
you have a wall plug wired for 240 volts, the receptacle is different than the 
standard 120 volt receptacle (see Figure 8-8). If you don’t have a 240 volt wall 
receptacle in your home, the next time you are in an appliance store, examine the 
power plug on the heavy duty appliances. Note the difference between 120 and 
240 volt appliance’s line cords. This is another code restriction that you must 
adhered to. 





CLOTHES ELECTRIC 





DRYER RANGE 

3-PRONG POLARIZED 240V 240V APPLIANCE 

RECEPTACLE RECEPTACLE RECEPTACLE RECEPTICALS 
Figure 8-8 


Typical home power receptacles. 


You can wire other appliances that are never used at the same time in parallel 
into a single switch. For example, a dishwasher and garbage disposal should 
never be used at the same time. They can be wired to a single throw, double pole 
switch as shown in Figure 8-9. In this case, you can select either of the appli- 
ances, but not both at the same time. This wiring configuration allows you to 
combine loads that actually total more than the line can handle. However, since 
you can’t operate them at the same time, it does not constitute an overload, and it 
will not blow the fuse in the distribution box. 


120V 
INPUT 


GARBAGE 
DISPOSAL 





Figure 8-9 
Either/OR circuit. 
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This is sometimes called an either/or circuit. You can select one or the other, but 
not both. Later, in your study of Digital Techniques, you will see that this is a 
commonly used circuit. This selective circuit is called an Exclusive OR in digital 
logic terms. 


Another example of an either/or circuit, is a light that can be turned on or off 
from two different locations. For example, a switch at both exits of a room, or the 
light at the top of a flight of stairs. Figure 8-10 is a very simple wiring diagram 
that provides either/or control at two remote locations. 


t 
120V 


Figure 8-10 
Two-location light switch. 


TYPICAL HOUSEHOLD LOADS 


Motors that have higher horsepower ratings are probably three-phase induction 
motors. Some of the small appliances and hand tools which are motor driven use 
series-constructed universal motors. Some of the motors in hand-tools and appli- 
ances are DC motors. An AC to DC rectifier circuit converts the input voltage 
that is needed to run these motors. The rectifier circuit is located inside the appli- 
ance or tool. 


A television set probably has the highest voltage potential of all of the loads in 
your home. The high voltages are isolated and insulated from the operator. The 
voltage inside a television reach levels of approximately 35,000 volts (35 kV). 
However, the current draw of a television is very low (on the order of mA). The 
television’s high voltage does not figure into the load current for a house. A trans- 
former step up action produces the high voltage. A television set uses many DC 
voltage values which are obtained by rectifying the multi-tapped transformer’s 
secondary windings. 


The television system’s antenna and rotor control uses a servomotor. The servo 
motor is a 2-phase motor that detects and corrects a programmed error signal. 
The servomechanism corrects the offset error that you introduce when you move 
the rotor controller. The servomotor repositions the antenna to the new reference 
to correct for the error. 


An average household uses all of the concepts that you learn in DC and AC 
Electronics. An average home also contains many semiconductor devices, elec- 
tronic circuits, and digital devices. 
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Programmed Review 


15. The two common protection devices which are used in the power dis- 
tribution box are - and 


. (slow-blow fuses, circuit breakers) The most common rated fuse in a 
power distribution box is usually amperes. 


. (15) A 200-ampere service drop can supply watts toa 
house? 


. (24,000) A 200-ampere distribution box can support 
15-ampere loads. 


. (thirteen) A power distribution box is usually grounded to 


. (earth ground) Power lines which leave a power distribution box and 
enter your home are in 
series/parallel 
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EXPERIMENT 12 


Designing AC Loads 


OBJECTIVES: To convert loads into their current draws. 


To combine similar loads into groups that draw slightly less 
than 15 amperes. 


To calculate the service drop that is required to support speci- 
fied loads. 
Introduction 
In this experiment, you will calculate and organize typical AC loads that you can 
find in nearly all homes. This experiment provides information necessary for you 
to visualize the procedures you should follow when you wire a house. You will 
combine a variety of loads, and then connect them to load lines. The load lines 


are routed individually to a power distribution box fuse. 


You should first divide the loads into groups which require 240 volts and those 
which require 120 volts. 


You will then connect the loaded lines into power distribution boxes. Next, you 
will calculate the service drop that is required to support the full loads. 
Procedure 
1. On a piece of paper, draw a block diagram of the following loads. 
Three 1500 watt, 240-volt baseboard heaters. 
A washing machine with a 120-volt supply that draws 4 amps. 
A3 HP, 240-volt three phase motor. 
Two 2 HP, 120-volt motors. 
Four 1/2 HP single-phase motors. 


Three 3-way lamps which are rated at 50, 250, and 350 watts each. 
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Light bulbs: 
One 300-watt bulb. 
Two 250-watt bulbs. 
Three 100-watt bulbs. 
Fifteen 60-watt bulbs. 


2. Label each block as to its current requirement. 


Discussion 


You should have first divided the loads into two groups. One group should con- 
tain all of the 240-volt loads. The other group should contain all of the 120-volt 
loads. You can then assign a block to each load. 


Next, you should have converted all of the loads (blocks) to their respective 
current draws. 


For example: 1 HP is equal to 746 watts. When the source voltage is 240 volts: 


746 W _ 
340V ~” 3.103 A 


As an additional safety feature, you should always round the current high. 


3. Now, combine the similar individual loads into groups of less than 15 am- 
peres. 


4. Route the combined loads to their respective, fused, supply voltages. 


5. Connect service drops to the supply busses and calculate the service drops 
which are required to support the loads. 


The term similar load, in this case, means voltage supply. Therefore, you should 
have divided the loads into 240-volt sources and 120-volt sources. 


You should have arranged each load or group of loads into slightly less than 15A 
loads. Each 15 A load line should have been routed to a fuse in the appropriate 
240 V or 120 V distribution box. 
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The opposite ends of the fuses should have been connected to the properly rated 
voltage buss. All of the 240-volt fuses are referenced to the same point. All of the 
120-volt fuses are referenced to the same voltage. 


The voltage busses should have been separated from the service drop by in-line 
fuses and quick disconnect switches. An example is shown in Figure 8-11. 


1500W 

HEATER 

1500W 

HEATER 240V 

O SERVICE 
DROP 

1500W 

HEATER 

3 HP 

MOTOR 

1 2HP 240V POWER BOX 

MOTOR 
a 1 2HP 120V 
f MOTOR SERVICE 
i DROP 


2 1/2HP 
MOTORS 


2 1/2HP 
MOTORS 


3 3-WAY 
LAMPS 


2 250W 
BULBS 





300W 
BULB 


Figure 8-11 


8-26 | UNIT EIGHT 


Summary 
The 1500 watt, 240-volt heaters each draw approximately 6.3 amps. 
The 3 HP, 240-volt motor, draws approximately 9.4 amps. 


You can combine two of the heaters into a single load of approximately 12.6 
amps. Therefore, the 240 power buss has three load lines. 


A 2 HP, 120-volt motor draws approximately 12.5 amps. Therefore, each 2 HP 
motor should be wired individually to a load line. 


A 1/2 HP, 120-volt motor draws approximately 3.2 amps. All four of the 1/2 HP 
motors could be combined into a load of approximately 12.5 amps. 


You should use their maximum wattage ratings to calculate the current draw of 
the three 3-way lamps. The maximum rating of 1000 watts draws a current of 
approximately 7.5 amps. Two 250-watt light bulbs draw approximately 4.2 amps. 
A 300-watt light bulb draws approximately 2.5 amps. The combined current draw 
for this group is approximately 14.2 amps. 


Three 100-watt bulbs draw approximately 2.5 amps. Fifteen 60-watt bulbs draw 
approximately 7.5 amps. The washing machine current is listed as 4 amps. This 
combined total is 14 amps. 


The 120-volt buss has 5 load lines which go to 5 separate fuses in the 120-volt 
distribution box. The other end of all 5 fuses are tied together, and connected to 
the 120-volt buss. 


The 120-volt buss should be wired through an in-line fuse and quick disconnect 
switch to the 120-volt service drop. 


The 240-volt service drop must supply at least 34.6 amperes of current. This 
example used three 15-ampere load lines. Therefore, the 240-volt service drop 
should be capable of supplying 45 amps. 


The 120-volt service drop must supply at least 67.5 amperes of current. The used 
five 15-ampere load lines. Therefore, the 120-volt service drop should be ca- 
pable of supplying 75 amps. 


All of the loads are rounded high. This provides additional protection for the 
fuses against surge currents. 


There are other combinations that could have been used. 
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Note that the 120-volt load line on the right combines the washer with light bulbs. 
When the washer’s motor first starts, and again when it changes speed, these 
lights may dim. This is the reason why appliances that draw large currents are not 
normally connected to the same line as lighting systems. There is also the possi- 
bility that surge currents may blow fuses. 
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Programmed Review 


22. The loads for a house power line are wired in ; 


23. (parallel) The percentage of the service drop which is reserved for the 
lighting system in the average house is %. 









. (10) Wall receptacles are usually paralleled with 








. (small) A 1500-watt baseboard heater is wired to a 120-volt source. 
The current draw for this heater is A. 









. (12.5) The following light bulbs are connected to the same 120-volt 
service line. What is their combined current? 








15-watt bulb 
40-watt bulb 
55-watt bulb 
60-watt bulb 
75-watt bulb 
100-watt bulb 











. (1.81 amperes) A 1 horsepower appliance is connected to a 120-volt 
source. The current draw for this appliance is A. 







. (6.22.A) Explain why some appliances are wired directly into the power 
distribution box instead of combined with other loads. 





















29. (These are usually very heavy loads, or they require special consider- 
ations for their power requirements.) 


List four common power receptacles you can find in the average home. 


. (Your answers may include the following: 


Standard 2-prong 15 A, 120-volt outlets. 
Polarized 2-prong 15 A, 120-volt outlets. 
Standard 3-prong 15 A, 120-volt outlets. 
Standard 3-prong 15A, 240-volt outlets. 
Electric range outlet. 

Electric clothes dryer outlet.) 


ANAND 


Why is it possible to parallel loads that exceed the fuse rating for their 
supply? 


. (When you have loads that can't be used at the same time.) 


List one household application that uses a single-phase, a two-phase, 
and a three-phase motor: 


1. Single-phase motor. 


2. Two-phase motor. 





Three-phase motor. 


32. (1. Electric fan, 2. TV antenna control, 3. washing machine) 
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SAFETY 


Most accidents happen in the home due to carelessness. Many of these accidents 
are a result of misusing electricity. Failure to think before you act causes many 
accidents. When you use an appliance for anything other than what it is designed 
for, it is an accident looking for a place to happen. For example, drying objects in 
the oven and lighting cigarettes with the stove’s burner. 


Safety Grounds 


You may have noticed that some of your appliances have a round terminal on 
their power plug as shown in Figure 8-12. This ground terminal provides earth 
ground to the chassis of the appliance. When the chassis of an appliance has an 
earth ground, it helps prevent the appliance operator from receiving a shock due 
to an internal short in the appliance. The ground terminal is usually found on 
appliances that draw substantial currents, such as washing machines and power 
tools that are rated in horsepowers. For example, a 2 horsepower circle saw should 
have a 3-wire line cord and a 3-prong power plug. 


3-CONDUCTOR 2-CONDUCTOR 
CORD 





POLARIZED 
LUG 





POLARIZED PLUG 


TERMINAL 
SAFETY GROUND 


Figure 8-12 
Grounded plugs. 


Some 2-wire systems use polarized plugs. These line cords have one terminal 
that is larger than the other. This prevents you from inserting the line cord plug 
wrong (reversed by 180°). Many TV sets use polarized plugs. The larger termi- 
nal is connected internally to the TV chassis and acts as a safety ground. This 
type is often used in place of the 3-prong plug that is used on powered hand 
tools. 


Never remove the ground terminal from any power plug. When a 3-input wall 
plug is not available, you can use a 3 to 2 terminal converter plug on a limited 
basis. These are not recommended, but they are available in many stores at a 
very reasonable price, and they are commonly used by individual home owners. 
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In residential wiring, ground leads are specified as either white or neutral gray in 
the electrical code book. This is important because inside electronic equipment a 
black wire is usually used as the ground (reference) wire. 


Extension cords and line power cords cause many problems such as fires and 
burns. Improper use and improper maintenance are the usual cause of this prob- 
lem. A shock hazard can result if you remove the earth grounding terminal or 
prong from a 3-prong plug. Fires may start if you overload wall receptacles. A 
shock hazard also exists if you use appliances when either you or the appliances 
are wet. 


Improper fuses and fuses which have been bypasses can also start fires. 


Improper cleaning causes fires. This is especially true of an electric cook stove. 
Excessive lint inside an electric clothes dryer can start a fire or cause a short 
circuit by collecting moisture when the dryer is not in use. 


The heating element in a dishwasher, stove burner, and broiler rack gets extremely 
hot. They can cause a very serious burn even after they are turned off. You should 
never touch any element until it has had time to cool. 


Electrical shorts and fires have been caused by bugs that shorted a voltage poten- 
tial to ground. Fires have been started by rodents chewing insulated wiring. Red 
squirrels are prone to chew wiring when they get into the attic of a house. 





Safety Devices 


The most common safety devices in a house are the fuses and circuit breakers. 
They work even while you sleep. Smoke detectors also work while you sleep, but 
they don’t prevent damage. Smoke detectors alert you so that you can prevent the 
damage from spreading. Automatic sprinkler systems are also automatic protec- 
tion devices, although they are not normally used in moderate priced houses. 


FIRE EXTINGUISHER 


Other safety equipment that is not automatic or electrical include fire extinguish- 
ers. Every home should have a fire extinguisher that is in or near the kitchen. 


Many fires in the home are caused by electrical shorts. Even when a fire is not 

started by electrical current, it is almost impossible to spray an area in a house 

without spraying an electrical component of some kind. Therefore, you should 
< not use a water-filled fire extinguisher. 
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Instead, CO, type extinguishers are recommended for home fires. The carbon 
dioxide filler is very effective in fighting fires and it doesn’t cause the mess that 
is associated with water-filled extinguishers. Also it doesn’t cause shorts, the 
spray is easily controlled, and is much easier to clean up afterward. However, 
you should avoid breathing the carbon dioxide fumes for an extended period of 
time. Once the fire is out, ventilate the room so the fumes can rapidly dissipate. 


To extinguish a fire, it must be deprived of either fuel or oxygen. Another way to 
put out a fire is to lower the temperature of the burning material below its flash 
point. There are common substances in virtually every kitchen that are effective 
on small fires. Salt and baking soda are excellent for extinguishing fires on elec- 
tric stoves. Usually if the fire is confined to the inside of a pan, you can use a lid 
to shut off the oxygen supply. 


FUSES 


A fuse is a device which has almost zero resistance. It is designed with a center 
conductor that melts at a specific temperature. The resistance of the fuse and the 
current through the fuse generate the heat that is dissipated by the fuse. The fuse 
is in series with the household load. When the fuse’s rating is has been exceeded, 
the fuse blows and causes that branch to become open. You can usually visually 
locate a blown fuse. You can see the discoloration or the open section of its 
element. Fuses in homes usually have glass bodies that screw into a fuseholder 
which is located in the power distribution panel. The fuse’s rating is printed on 
the face of the fuse. Figure 8-13 shows typical household fuses. Figure 8-13A 
shows a good fuse while Figure 8-13B shows a blown fuse. 


FUSE RATING OPEN ELEMENT 






TRANSPARENT 
WINDOW 


CONDUCTOR 
ELEMENT 


SCREW BODY 





CONDUCTOR BLOWN FUSE 
GOOD FUSE 
CONDUCTOR 
MATERIAL CONDUCTING WIRE 
(NOT VISIBLE) 





BODY NOT TRANSPARENT 


Figure 8-13 
Typical household fuses. 
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The fuse shown in Figure 8-13C was referred to earlier as the hidden fuses that 
are mounted inside the quick disconnect plastic box. With this type fuse, you 
can’t always determine if it is good or blown through a visual inspection. In this 
case, a meter is needed to verify the condition of the fuse. House fuses come in 
different physical sizes as well as current ratings. Every house should have a box 
of spares fuses. 


Fuses can blow due to a line surge. Temporary arcing or shorting in the main 
power line or lightning can cause a line surge. Just because you blow a fuse 
doesn’t necessarily mean that you have an overload in your home. When you 
replace the fuse and it blows again, you should assume that the problem (over- 
load) is in your home. Unplug as many of the loads from that particular line as 
possible. Turn off loads that you can’t unplug. Fuses which are used in homes are 
slow-blow type fuses. Slow-blow fuses have larger elements so they can with- 
stand a current surge. If the current surge is within certain limits, and then de- 
creases below the fuse’s rating, the element will not get hot enough quick enough 
to melt. There are also fast-blow fuses, which blow the instant a current surge 
exceeds the fuse’s rating. 


Replace the fuse again. If the fuse doesn’t blow, turn the loads on and then back 
off, one at a time. If you have a shorted load, the fuse will blow as soon as you 
plug in or turn on that load. Once you locate the faulty load, remove it (unplug it) 
and replace the fuse. Turn your other loads on to ensure that your wiring is good. 
If you can’t isolate the problem to a load that is plugged in, you should call a 
licensed electrician, and turn the problem over to an expert. 


CIRCUIT BREAKERS 


Circuit breakers and fuses perform the same function. That function is to discon- 
nect power. 


The most common circuit breaker is actually a spring-loaded thermocouple. When 
the two metal contacts heat, they expand at different rates. When they exceed 
their operating temperature, the metal contacts separate. This separation opens 
the current path. Unlike the fuse, the circuit breaker is reusable. Once the metal 
contacts cool, you can reset the circuit breaker. (Some circuit breakers are mag- 
netic devices. Magnetic circuit breakers are described in more detail in Elec- 
tronic Circuits). 


The reset characteristic makes the circuit breaker an ideal substitute for a fuse 
when you try to isolate the faulty load. There are also circuit breakers that are 
constructed to screw directly into the fuseholder, located in the power distribu- 
tion box. The circuit breaker requires more time to react to an overload than an 
equally rated fuse. In most cases, the increase in time is insignificant, and is 
outweighed by the circuit breaker’s ability to be reset (used more than once). 
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Circuit breakers which are most often used in homes look like a switch. They are 
labeled as to which position is off, and which position is on. Figure 8-14 shows 
a typical circuit breaker that is used in homes. 






me 
Syl 


PLUG IN MODULE 


Figure 8-14 
Plug-in, switch-type circuit breaker. 


Figure 8-15 is a typical circuit breaker that can be used in a home to replace a 
fuse. 


POP UP 
RESET SWITCH 





SCREW 
BODY 


CONDUCTOR 
MATERIAL 


Figure 8-15 
Screw-in circuit breaker. 


Examine the back of your TV set (do not remove the back). There should be a red 
button sticking through the back. This is a circuit breaker (see Figure 8-16). This 
particular circuit breaker is designed to disconnect the television’s high voltage 
circuits. When you enclose the TV in a small place, it can’t dissipate enough 
heat. When the heat builds up, it may cause this circuit breaker to pop (open the 
circuit). When the circuit breaker pops, it shuts the TV off. In this case, there is 
nothing wrong with your TV. Once you allow the television set to cool, you can 
push the red button and hold it for approximately one second to reset the circuit 
breaker. Line surge can also cause the circuit breaker to pop. 
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THERMOCOUPLE RED BUTTON 


pa my RESET SWITCH 


CONDUCTOR POSTS 





Figure 8-16 
Typical TV circuit breaker. 


Never hold the circuit breaker in longer than it takes for it to catch (set). If the 
circuit breaker pops again after the set cools, this is an indication of internal 
failure. Make no more attempts to reset the breaker. 


Most garbage disposals are protected by a circuit breaker. The circuit breaker is 
mounted directly on the disposal’s motor. Whenever the disposal is jammed by 
silverware or bones, the circuit breaker disconnects the circuit before the motor 
becomes damaged. In this case, turn the disposal off, free the obstruction, reset 
the circuit breaker, and turn the disposal on. If the circuit breaker pops again, 
your garbage disposal may be the problem. 


Never hold a circuit breaker to prevent it from popping, as this could easily cause 
a fire. Even if it didn’t start a fire, it might destroy your appliance. 
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Programmed Review 


33. What is the main advantage of a fuse as compared to a circuit breaker? 


. (speed of operation) Explain the term power buss. 


. (A power buss is a point where several loads can be connected to the 
same potential.) 


The circuit breaker operates on the same principle as a/an 


. (thermocouple) The color of the wire that is specified by the electrical 
code for ground is 


. (white or neutral gray) The rounded center terminal on a 3-wire power 
plug is designed to be 


. (earth ground) Explain the term polarized power plug. 


. (A polarized power plug has one of its prongs larger than the other. It 
can only be plugged in one way. As example of this is a TV power 
cord. The large terminal is the ground terminal.) 


Where are extension cords most likely to be damaged? 


. (near the end) The most common cause of a blown fuse that services 
wall outlets is a/an circuit. 
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41. (overloaded) The greatest danger from an electric stove is a 


shock/burn 


. (burn) The most important safety feature in a home is 


. (you) Automatic safety devices in all homes are 


. (fuses, circuit breakers) An automatic safety device that you should 
install on every floor is a 


. (smoke detector) You should use a 
in a home. 


type fire extinguisher 

















. (CO,) You should always replace a blown fuse with a fuse which has 





. (the same rating) Fuses can be replaced with circuit breakers that have 
the same rating. 
true/false 


. (true) When a circuit breaker pops, can it be immediately reset? 


yes/no 





49. (no) Why? 


50. (You must allow it to cool.) 
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SUMMARY 


AC service drops are routed from the secondary of a step-down transformer as 
shown in Figure 8-17. The common voltages available to home owners are 120 
volts and 240 volts. This voltage value is its RMS value and the frequency is 60 
hertz. 


Two of the 120-volt lines that are 180° out of phase can be used to provide 240- 
volt service. When the 240-volt service is available from wall plugs, the plugs 
must be specifically rated at 240 volts. 


HIGH VOLTAGE POWERLINE 


Sea > TO NEXT SERVICE DROP 








STEP DOWN 
| TRANSFORMER 


SERVICE DROP (USUALLY 
100 OR 200 AMP SERVICE) 











LIGHTING 
FIXTURES 


WALL DIVIDED INTO 15A 
RECEPTACLES GROUPS 


EARTH GROUND 

(USUALLY THE COLD WATER 
PIPE OR A COPPER ROD 
DRIVEN AT LEAST 4' 

INTO THE GROUND) 


DIVIDED INTO 
GROUPS OF 15A 









FUSED OR CIRCUIT 
BREAKER PROTECTED 











POWER 
DISTRIBUTION BOX 
200 AMPERE 










ELECT. CO. 
METER 







240V LINE 
FOR PLUG IN 
APPLIANCES 


DIRECT WIRED 
115V 
APPLIANCES 







DIRECT WIRED 
240V 
APPLIANCES 






Figure 8-17 
AC wiring block diagram for a typical home. 


AC Home Applications | 8-39 


Two of the 120-volt lines that are 180° out of phase can be used to provide 240- 
volt service. When the 240-volt service is available from wall plugs, the plugs 
must be specifically rated at 240 volts. 


Residential service drops are also rated in amperes. Houses usually have 60-, 
100-, or 200-ampere service drops. With the advent of the wide variety of electri- 
cal appliances, the 200-ampere drop is the most popular. Even if you don’t need 
200 amperes, its nice to have the capability of adding loads, without having to 
first call the power company. 


The power distribution box in your house must be earth ground referenced. This 
is usually accomplished by connecting the chassis of the distribution box to ei- 
ther a cold water pipe or to a copper rod that is driven 4 feet into the ground. 


Another code requirement for a distribution box is that all household power must 
be routed through no more than 6 disconnects. 


Household power is divided into busses and fused. The busses are then divided 
into power lines and fuses or circuit breakers protect these lines against over- 
loads. The individual power lines are usually protected by 15-ampere fuses or 
circuit breakers. Load currents are paralleled until the branch currents total a 
little less than 15 amperes and the paralleled load is wired to the individual power 
line. 





A 200-ampere service drop could be divided into 13 individual, 15-ampere power 
lines. The individual lines are then fused with the appropriate rated slow-blow 
fuse. The fuses are rated as slow-blows to prevent surge currents from blowing 
them. One type of surge current that could cause problems if slow-blow fuses are 
not used is when your washing machine shifts into the spin cycle. 


The spin cycle starts a motor from stop under full-load conditions (tub full of wet 
clothes and water). This results in a high surge of starting current. 


The largest household loads are used for cooking, drying dishes and clothes, 
heating the house, and heating water. These heavy loads are usually wired for 
240-volt operation. 


Approximately 10% of the total service drop is used for lighting. Another 10% is 
usually reserved for wall plug loads. These applications usually use 120-volt 
supplies. A single 15-ampere, 120-volt line is capable of supplying 1800 watts 
(15 Ax 120 V). This could supply power to light thirty 60-watt light bulbs. The 
lights are paralleled in a house so that all of the lights don’t go out when a single 
bulb opens. 


8-40 | UNIT EIGHT 


Wall receptacles are usually paralleled with small loads. This ensures that the 
line will not become overloaded when you plug in appliances. 240 V and 120 V 
receptacles are constructed so that you can’t plug appliances into lines that can’t 
handle their load. 


The most important safety device is the home owner. There is no substitute for 
common sense and attention to detail. 


Commercial safety devices that are used in homes are fuses, circuit breakers, 
smoke detectors (one per floor), and a carbon dioxide (CO,) fire extinguisher. 
Fuses and circuit breakers are considered to be protection devices for individual 
loads and the house itself. Smoke detectors are considered to be people protec- 
tion devices. A handy fire extinguisher can prevent a minor fire from becoming a 
major fire. 


A fuse operates (opens) faster than a mechanical circuit breaker. A fuse is a one- 
time device; once it blows, it must be discarded, and a new fuse of the same 
rating installed. When a circuit breaker pops (opens), you can reset it after it 
cools. 


Besides the power distribution box, circuit breakers are commonly used in tele- 
visions and garbage disposals. Other appliances may also be fused or protected 
by internal fuses or circuit breakers. 








ee 


UNIT EXAMINATION 


The following multiple choice examination is designed to test your understand- 
ing of the material that was presented in this unit. Place a check beside the mul- 
tiple choice answer (A, B, C, or D) that you feel is most correct. After you com- 
plete the examination, compare your answers with the correct ones that appear 
after the exam. 


1. Select the statement below that best describes the service drop. 


A. The total power used by a household. 

B. The total power available to a household. 

C. The total current allowed per load line. 

D. The power listed on your monthly electric bill. 


2. Power busses are located in: 


the power transformer. 

the electric power meter. 
the power distribution box. 
each load line. 


Daw > 


3. The power to a household must be disconnected by: 


A. two or fewer than two switches. 
B. four or fewer than four switches. 
C. 6 switches or less. 

D. a single switch. 


4. Individual load lines in most homes are protected by: 


two automatic disconnect devices in the distribution box. 
only the line fuse. 

only the in-line fuse. 

circuit breakers only. 


Jawe 


5. In most homes, individual loads are connected: 


A. in series. 

B. in parallel. 

C. to individual load lines. 

D. in a series-parallel combination. 
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10. 


11. 


In household wiring, the color of the ground wire is: 


A. black or brown. 
B. redor green. 

C. green or white. 
D. white or gray. 


Select the correct statement below. 


A. Circuit breakers operate faster than fuses. 

B. Quick blow fuses are used in most households. 

C. Circuit breakers are either electromagnetic or thermocouple devices. 
D. Each load line must be individually fused. 


What percentage of the service drop is usually reserved for lighting in the 
average home? 


A. 10% 
B. 25% 
C. 50% 
D. 75% 


The electric power that you are billed for is measured by the: 


A. watt. 

B. kilowatt. 

C. kilowatt hour. 
D. volt-amp. 


A 3/4-horsepower motor operating with 120 V applied draws approxi- 
mately: 


A. 4.65 amperes. 

B. 500 milliamperes. 
C. 90 amperes. 

D. 2.0 amperes. 


A 300-watt light bulb, a 50-watt light bulb, and a 60-watt light bulb are 
paralleled. Their combined load is approximately: 


A. 3.57 amperes. 
B. 120 volts. 

C. 50 watts. 

D. 


7 amperes. 


12. 


13. 


14. 


15. 


16. 


17. 


AC Home Applications 8-43 


Select the correct statement about wire size. 


DAS 


The smaller the gauge the larger the diameter. 

The smaller the gauge the smaller the diameter. 

Wire gauge has to do with current capability not physical diameter. 
A wire’s resistance is directly proportional to its diameter. 


The most common household ground is the: 


nws 


hot water pipe. 

power distribution box. 

cold water pipe. 

steel rod driven into the ground. 


The three most common safety devices in the average home are. 


awp 


fuses, circuit breakers, and fire extinguishers. 

fuses, circuit breakers, and smoke detectors. 

smoke detectors, sprinkler systems, and fire extinguishers. 
salt, baking soda, and fuses. 


When you operate a 2 H.P. saw and a 1/2 H.P. drill at the same time from the 
same 120-volt receptacle: 


A 
B. 
C 
D 


both appliances will function properly. 

the fuse will blow. 

both will function, but at reduced efficiency. 

the drill will function properly, but the saw will decrease speed. 


The center rounded prong on a 3-prong plug should be connected to: 


A 
B. 
C 
D 


chassis ground. 

the polarized terminal of the power plug. 
earth ground. 

the power distribution box. 


Circuit breakers are preferred over fuses because they: 


DOW p 


are safer. 

are less likely to malfunction. 
last longer. 

can be reset. 
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18. 


19. 


20. 


If a 240-volt baseboard heater draws 5 amperes of current, its power rating 
is: 


A. 6000 watts. 
B. 1kW. 

C. 16HP 

D. 1kWhouwr. 


Which of the following home appliances is most likely to be wired for 240- 
volt operation? 


A. Garbage disposal 
B. Dishwasher 

C. Refrigerator 

D. Range 


Excluding heating, where is most of the power that is used in the average 
home? 


A. living room 
B. kitchen 

C. dining room 
D. bath room 
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EXAMINATION ANSWERS 


1. B— The service drop is usually defined as the maximum current available 
to a household. 


2. C—The power busses are located in the power distribution box and they 
are protected by in-line fuses. 


3. C — The electrical code states that you must be able to disconnect power to 
a household by no more than 6 switches. 


4. A— Most of the load lines inside your home have two automatic discon- 
nect devices. They are usually the in-line buss protector (fuse or cir- 
cuit breaker) and the load line fuse or circuit breaker. In addition, many 
appliances have internal fuses or circuit breakers. 


5. B — The loads that are combined to equal 15 amperes are connected in 
parallel. Also, the individual load lines are routed in parallel, from the 
power distribution box. 


6. D—In residential wiring, according to the electrical code book, ground 
wires must be either white or neutral gray. 





7. C—Slow-blow fuses are used in most homes, however, they still operate 
faster than circuit breakers. The circuit breaker is a thermocouple or 
electromagnetic device that requires time, to heat or establish a strong 
magnetic field, before it can disconnect. 


8. A—The general rule for a residential lighting system is to reserve 10% of 
the service drop for lighting purposes. 


9. _C— The power that you pay for is measured in kilowatt hours. To calculate 
the amount of power that you used, subtract the power reading re- 


corded on your last bill, from the meter’s present reading. 


10. A — One horsepower is equal to 746 watts. Therefore, 3/4 horsepower is 
approximately 560 watts. 


560 W/120 V = 4.67 A. 


11. A — The combined load is 410 watts. The standard voltage for light sys- 
tems is 120 volts. Therefore: 


a 410 W/120 V =3.42 A. 
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12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


A — The smaller the wire gauge, the larger the diameter of the wire. The 
larger the wire diameter, the higher its current handling capability. A 
20-gauge wire has a larger diameter than a 22-gauge wire. 


C — A cold water pipe is the best choice for ground in a home. The hot 
water pipe is also grounded, but the constant heating and cooling may 
cause the ground to become faulty after a period of time. 


B — The three most common safety devices in the home are fuses, circuit 
breakers, and smoke detectors. They all work automatically to sense a 
danger. 


B — When both appliances are used at the same time, they demand more 
current than the 15-ampere line is able to supply. Current is a demand 
quantity, and if the load demands, the source will supply up to the 
point where the safety device causes an open circuit. 


C — The center rounded terminal on a power plug connects the appliance’s 
chassis (metal frame) to earth ground. It is usually used for heavy 
current draw appliances and is a definite safety feature. It can reduce 
shock hazards. You should never bypass the safety (chassis) ground. 


D — The primary advantage a circuit breaker has over a fuse is that you 
can reset it. A fuse must be discarded and replaced by a known good 
fuse with the same rating. Circuit breakers are very helpful when you 
troubleshoot a problem. Replacement fuses cost money when you 
guess wrong. 


C — The power rating is: 
Ix E or 1200 watts. 

Twelve hundred watts is equal to approximately 1.6 H.P. 

D — An electric range has the heaviest current draw and is, therefore, the 
most likely of the appliances listed to be wired for 240-volt operation. 
The other appliances listed are usually wired for 120-volt operation. 

B — Most of the electric power in a home is used in the kitchen. The elec- 
tric range, refrigerator, dishwasher, and garbage disposal are all heavy 


current draws. In contrast, most television sets draw currents in the 
mA range. 
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AC capacitive circuits, applications, 3-87 
AC capacitive circuits, ohms law, 3-37 
AC circuits, capacitors in, 3-30 

AC circuits, inductive, 4-27 

AC circuits, inductors in, 4-27 

AC circuits, parallel RC, 3-59 

AC circuits, power in, 3-53 

AC circuits, resistance, 2-43 

AC circuits, resistive, ohms law, 2-44 
AC generator, 1-18 

AC measurement, summary, 2-70 

AC motors, 7-15 

AC resistance, parallel, 2-48 

AC resistance, series, 2-46 

AC resistive circuits, power, 2-51 

AC, series RC circuits, 3-43 

AC servo system, 7-39 

AC summary, 1-58 

Air core coil, 4-14 

Alternation, positive and negative, 1-35 
Alternator, 1-14 

Amplifier, horizontal, 2-34 

Amplifier, vertical, 2-33 

Amplitude, maximum, 1-39 
Amplitude, peak, 1-39 

Anode, 2-11 

Apparent power, 3-56 

Applications, AC capacitive circuits, 3-87 
Applications, inductive circuits, 4-75 
Applications, transformer, electronic, 6-41 
Applications, transformers, 6-40 
Armature, 1-19 

Asynchronous speed, 7-26 

Attenuator control, vertical, 2-36 
Audio frequency, 1-50 
Autotransformer, 6-44 

Average value, sine wave, 1-42 


Back emf, 4-8 

Balanced Synchro Syetems, 7-34 
Balanced Systems, 7-34 
Band-pass filter, LC, 5-68 


INDEX 


Band-stop filter, LC, 5-70 

Bandwidth and Q, 5-29 

Bandwidth and Q in series resonant circuits, 5-27 
Bandwidth equals fo/Q, 5-31 

Bandwidth in parallel resonant circuits, 5-54 
Bandwidth measuring in, resonant circuits, 5-30 
Bandwidth, resonant circuits, 5-30 

Base, horizontal time, 2-34 

Basic meter movement, 2-6 

Bead-ferrite, inductor, 4-16 

Bridge rectifier schematic, 2-11 

Broadcasting system, television, 1-11 

Brushes, 1-19 

BW, 5-30 

BW and Q, 5-29 


C, 3-9 

Capacitance, distributed, and self resonance of 
coils, 5-57 

Capacitance, factors that affect, 3-11 

Capacitance, stray, 3-8 

Capacitance unit conversion table, 3-11 

Capacitance, units of, 3-9 

Capacitive AC circuits, applications, 3-87 

Capacitive AC circuits, current and voltage, 3-32 

Capacitive AC circuits, ohms law, 3-37 

capacitive circuits combining AC and DC, 3-93 

Capacitive reactance, 3-34 

Capacitive voltage divider, 3-87 

Capacitor defects, 3-17 

Capacitor leakage, 3-17 

Capacitor ratings, 3-16 

Capacitors, high frequency, 3-14 

Capacitors in AC circuits, 3-30 

Capacitors in DC circuits, 3-20 

Capacitors, parallel, 3-19 

Capacitors, peak voltage rating, 3-16 

Capacitors, review of DC, 3-6 

Capacitors, series, 3-17 

Capacitors, types of, 3-13 

Cascade, 3-96 

Cathode, 2-11 
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CDR, 7-37 

CDX, 7-37 

Center tapped, 6-44 

Chart, frequency, 1-51 

Choke, iron core, 4-14 

Circuit breakers, 8-33 

Circuits—AC capacitive, applications, 3-87 

Circuits—AC capacitive, current and voltage, 3-32 

Circuits—AC capacitive, ohms law, 3-37 

Circuits—AC, capacitors in, 3-30 

Circuits—AC inductive, current and voltage, 4-27 

Circuits—AC, inductors in, 4-27 

Circuits—AC, parallel RC, 3-59 

Circuits—AC, power in, 3-53 

Circuits—AC, resistance in, 2-43 

Circuits—AC resistive, ohms law, 2-44 

Circuits—capacitive, combining AC and DC, 3-43 

Circuits—DC capacitors in, 3-20 

Circuits—DC, inductors in, 4-18 

Circuits—inductive, applications, 4-75 

Circuits—inductive, ohms law, 4-30 

Circuits—inductive, power, 4-47 

Circuits—inductive, true power, 4-48 

Circuits—parallel resonant, bandwidth in, 5-54 

Circuits—parallel resonant, bandwidth, Q in, 5-52 

Circuits—printed, inductors, 4-16 

Circuits - RC, impedance (Z) formulas, 3-50, 3-51, 
3-62 

Circuits—RC, in AC, 3-43 

Circuits—RC, phase shift (phase angle), 3-57 

Circuits—RC, vector diagrams, 3-45 

Circuits—resonant, bandwidth, 5-30 

Circuits—resonant, measuring bandwidth, 5-30 

Circuits - RL, 4-41 

Circuits—RL, impedance, 4-44 

Circuits - RLC, 5-6 

Circuits - RLC, parallel, 5-10 

Circuits - RLC, series, 5-6 

Circuits - RLC, summary, 5-86 

Circuits—series RC in AC, 3-43 

Circuits—series resonant, Q and bandwidth, 5-27 

Circuits—series RL, 4-41 

Circuits—series RL, vector diagrams, 4-42 

Circuits—sync, 2-35 

Circuits—tanks, 5-51 


Circuits—tank, loading, 5-56 

Circuits tank, practical, 5-51 

Clamp-on meter, 2-18 

Coefficient of coupling, 4-32 

Coils, air core, 4-14 

Coils, distributed capacitance and self resonance, 
5-57 

Coils, primary, 4-31 

Coils, secondary, 4-31 

Coils, single layer, inductance, 4-14 

Combining AC and DC, capacitive circuits, 3-93 

Combining loads, 8-18 

Component, reactive, 4-42 

Compound motors, 7-13 

Concentric vane meter movement, 2-15 

Conductor, voltage induced into, 1-18 

Constant, dielectric, 3-11 

Constant, time, 3-21 

Constant—time, inductive, 4-20 

Constant—dielectric, table of, 3-12 

Construction, transformer, 6-10 

Control, vertical attenuator, 2-36 

Control, vertical, sensitivity, 2-36 

Conversion table, units of capacitance, 3-10 

Conversion table, units of inductance, 4-11 

Copper loss, 6-36 

Copper oxide rectifier, 2-10 

Core—air, coil, 4-14 

Core—iron, choke, 4-14 

Core losses, 6-33 

Coupling, coefficient of, 4-32, 6-8 

Coupling network, 3-94 

CRT, 2-33 

Current and voltage in capacitive AC circuits, 3-32 

Current—eddy, losses, 6-33 

Current, exciting, 6-15 

Current paths, 8-15 

Current, primary, 6-7 

Current ratio, 6-23 

Current, secondary, 6-7 

Current—voltage relationships in inductive AC 

circuits, 4-27 

Cutoff frequency, RC, 3-89 

Cutoff frequency, RL, 4-76 

Cycle, 1-35 
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Damped sine wave, 5-51 

DC and AC, combining in capacitive circuits, 3-93 

DC capacitors, review of, 3-6 

DC circuits, capacitors in, 3-20 

DC circuits, inductors in, 4-18 

DC control circuits, 7-29 

DC motors, review, 7-6 

DC motor problems, 7-6 

DC servo system, 7-39 

Decoupling, 3-93 

Decoupling network, 3-93 

Defects, capacitor, 3-17 

Definition, filter, 5-67 

Deflection, plate, horizontal, 2-34 

Deflection plate, vertical, 2-33 

Determining factors, capacitance, 3-11 

Dielectric constant, 3-12 

Dielectric constants, table of, 3-12 

Differential receiver, 7-38 

Differential synchro systems, 7-36 

Differential transmitter, 7-37 

Diode—junction rectifier, 2-10 

Diode, schematic symbol, 2-10 

Direct-coupled systems, 7-35 

Direct-wired appliances, 8-20 

Distortion, electron orbit, 3-30 

Distributed capacitance, 3-7 

Distributed capacitance and self resonance of 
coils, 5-57 

Distribution, power, 6-40 

Distribution system, power, 1-9 

Divider—voltage, capacitance, 3-87 

Divider—voltage, RL, 4-75 

Division ratio, voltage, 3-87 


Eddy current losses, 6-33 

Effect , flywheel, 5-49 

Effective value of sine wave, 1-43 
Efficiency, transformers, 8-37 
Electrodynamometer movement, 2-27 
Electromagnetic induction, 1-14 
Electromagnetism, 4-6 

Electron orbit distortion, 3-30 

Electronic applications, transformers, 6-41 


Emf, back, 4-8 
Emf, counter, 4-8 
Exciting current, 6-15 


Factor, magnification, 5-27 

Factor, power, 3-56 

Factor, Q, 5-26 

Factors that affect inductance, 4-12 
Factors determing capacitance, 3-11 
Fco, 3-91 

Ferrite bead inductor, 4-16 

Field magnet, 1-19 

Figure of merit, 5-27 

Figure of quality, 5-27 

Filter definition, 5-67 

Filter, LC band-pass, 5-68 

Filter, LC band-stop, 5-70 

Filter, LC high-pass, 5-71 

Filter, LC low-pass, 5-71 

Filter, RC high-pass, 3-92 

Filter, RC low-pass, 3-89 

Filter, RC high-pass, 4-76 

Filter, R_ low-pass, 4-75 

Filters, inductive, 4-75 

Filters, LC, 5-67 

Filters, RC, 3-89 

Filters, RL, 4-75 

Filters, types of, 5-67 

Fire extinguisher, 8-31 

Fixed inductors, 4-14 

Flux linkage, 6-8 

Flywheel effect, 5-49 

Fo, 5-15 

Fo/Q equals bandwidth, 5-31 
Formulas—impedance (Z), RC circuits, 3-50, 3-51 
Formulas-—phase shift, RC circuits, 3-58 
Formulas, transformers, 6-62 
Frequency, 1-47 

Frequency, audio, 1-50 

Frequency, chart, 1-51 
Frequency-controlled servo systems, 7-40 
Frequency—high, capacitors, 3-13 
Frequency, measuring, 2-38 
Frequency, radio, 1-50 


Frequency, resonant, 5-15 
Frequency, RC cutoff, 3-91 
Frequency, RL cutoff, 4-76 
Friction, 7-29 

Full-wave rectification, 2-12 
Fuses, 8-32 


Generator, AC, 1-18 
Generator operation, 1-20 
Generator rule, left-hand, 1-16 
Giga, 1-49 

Graticule, 2-36 


H, 4-10 

Half power points, 5-31 
Half-wave rectification, 2-12 
Hertz, 1-47 

High frequency capacitors, 3-13 
High-pass filter, LC, 5-71 
High-pass filter, RC, 3-92 
High-pass filter, RL, 4-76 
Home appliances, 8-16 

Home servo system, 7-40 
Hook-on meter, 2-18 

Horizontal amplifier, 2-34 
Horizontal deflection plate, 2-34 
Horizontal time base, 2-34 
Household loads, typical, 8-17 


Impedance, 3-50 

Impedance formulas (Z) in RC circuits, 3-50, 3-51 
Impedance ratio, 6-29 

Impedance reflected, 6-59 
Impedance, RL circuit, 4-44 
Induced voltage, 1-15 

Induced voltage in a conductor, 1-20 
Inductance, 4-9 

Inductance, factors that affect, 4-12 
Inductance, mutual, 4-31 
Inductance, parallel, 4-34 


Inductance, series, 4-33 

Inductance, single layer coil inductor, 4-14 
Inductance, units of, 4-10 

Induction, electromagnetic, 1-14 
Induction, electromagnetic mutual, 6-6 
Induction—external, loss, 6-37 
Induction, mutual, 6-6 

Induction, self, 4-8 

Inductive AC circuits, current-voltage relation- 
ships, 4-27 

Inductive circuits, applications, 4-75 
Inductive circuits, ohms law, 4-30 
Inductive circuits, power, 4-47 
Inductive circuits, true power, 4-47 
Inductive filters, 4-75 

Inductive phase shifters, 4-76 
Inductive principles of DC motors, 7-6 
Inductive reactance, 4-29 

Inductive time constant, 4-20 
Inductive units, conversion table, 4-11 
Inductor, ferrite bead, 4-16 

Inductor, printed circuit, 4-16 

Inductor, toroidal, 4-16 

Inductor, variable, 4-17 

Inductors and inductance, 4-9 
Inductors and inductance, review of, 4-6 
Inductors, fixed, 4-14 

Inductors in AC circuits, 4-27 
Inductors in DC circuits, 4-18 
Inductors in series and parallel, 4-33 
Inductors, types of, 4-14 

Inertia, 7-30 

Instantaneous value, 1-36 

Iron core choke, 4-14 

Iron-moving, meter, 2-13 

Isolation transformer, 6-44 


Junction diode rectifier, 2-10 


K, 4-32 
K, 3-12 
Kilo, 1-49 
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L, 4-10 

L, single layer coil inductor, 4-14 
Lamp, neon, voltage, 4-61 
LC filter, band-pass, 5-68 

LC filter, band-stop, 5-70 

LC filter, high-pass, 5-71 

LC filter, low-pass, 5-71 

LC filters, 5-67 

Leakage, capacitor, 3-17 
Leakage, resistance, 3-17 
Left-hand generator rule, 1-16 
Line, time, 1-36 

Line, zero reference, 1-36 
Linkage, flux, 6-8 

Lissajous patterns, 2-40 

Lm, 4-32 

Load, transformer with, 5-15 
Load power, 8-18 

Loading a tank circuit, 5-56 
Loss, copper, 6-36 

Loss, external induction, 6-37 
Losses, core, 6-33 

Losses, eddy current, 6-33 
Losses, transformer, 6-33 
Low-pass filter, LC, 5-71 
Low-pass filter, RC, 3-89 
Low-pass filter, RL, 4-75 


Magnet field, 1-19 

Magnification factor, 5-27 

Maximum amplitude, 1-40 
Measurement—AC, summary, 2-70 
Measuring bandwidth, resonant circuits, 5-30 
Measuring frequency, 2-38 

Measuring phase relationships, 2-39 

Mega, 1-49 

Merit, figure of, 5-27 

Meter, clamp on, 2-18 

Meter, hook-on, 2-18 

Meter, movement, basic, 2-6 

Meter, movement, concentric vane, 2-15 
Meter, movement, electrodynamometer, 2-27 
Meter, movement, radial vane, 2-14 


Meter, moving iron, 2-14 

Meter, moving vane, 2-14 

Meter, rectifier-type moving coil, 2-6 
Meter sensitivity, 2-21 

Meter, snap around, 2-18 

Meter, split core, 2-18 

Meter, thermocouple, 2-17 

Meter, watt, 2-27 

Metric prefixes (kilo, mega, giga), 1-49 
Micro, 1-49 

Milli, 1-49 

Motor control circuits, 7-29 

Motor control systems, 7-33 

Motor regulation, 7-25 

Motor speeds, 7-24 

Movement, basic meter, 2-6 
Movement—meter, electrodynamometer, 2-27 
Moving coil rectifier type meter, 2-6 
Moving iron meter, 2-13 

Moving vane meter, 2-13 

Multiplier resistor, 2-25 

Mutual inductance, 4-31 

Mutual induction (electromagnetic), 6-6 


Negative alternation, 1-35 
Network, coupling, 3-94 
Network decoupling, 3-93 
Network, phase shift, 3-95 

No load, transformer, 6-14 
Nomograph, resonance, 5-89 
Nonsinusoidal waveforms, 1-54 


Offset voltage, 7-30 

Ohms law, AC capacitive circuits, 3-37 
Ohms law, in inductive circuits, 4-30 
Ohms law in resistive AC circuits, 2-44 
Operation, generator, 1-20 

Orbit distortion, electron, 3-30 
Oscillator, sweep, 2-34 

Oscilliscope, 2-33 


Parallel AC resistance, 2-48 
Parallel capacitance, 3-18 
Parallel inductance, 4-34 
Parallel RC in AC circuits, 3-59 
Parallel resonance, 5-47 


Parallel resonant circuits, bandwidth in, 5-54 


Parallel resonant circuits, Q in, 5-52 
Parallel RLC circuits, 5-10 
Paralleling loads, 8-15 

Patterns, Lissajous, 2-40 

Peak amplitude, 1-40 

Peak-to-peak value, 1-40 

Peak value, 1-39 

Peak voltage rating, capacitor, 3-16 
Percent of regulation, 7-26 

Period, 1-46 

Permeability, 4-13 

PF, 3-56 

Phase relationships, measuring, 2-39 
Phase shift formulas, RC circuits, 3-58 
Phase shift network, 3-95 

Phase shift (phase angle), RC circuits, 3-57 
Phase shift, RL circuits, 4-46 

Phase shifter, inductive, 4-76 

Phase shifting, transformers, 6-41 
Phase splitting, 6-44 

Plate, horizontal deflection, 2-34 
Plate, vertical deflection, 2-33 
Polyphase motors, 7-19 

Positive alternation, 1-35 

Power, AC resistive circuits, 2-51 
Power, apparent, 3-56 

Power box, grounding, 8-12 

Power, distribution, 6-40 

Power distribution box, 8-11 

Power distribution system, 1-9 
Power factor, 3-56 

Power-half points, 5-31 

Power in AC circuits, 3-53 

Power inductive circuits, 4-47 
Power meter, 8-8 

Power ratio, 6-22 

Power, reactive, 3-56 

Power, true, 3-56 

Power-true, in inductive circuits, 4-47 
Practical tank circuits, 5-51 





Prefixes, metric (kilo, mega, giga), 1-49 
Primary coil, 4-30 

Primary current, 6-7 

Primary winding, 6-7 

Printed circuit inductor, 4-16 
Pythagorean’s theorem, 3-70 


Q, 3-9, 4-35, 5-26 

Q and bandwidth (BW), 5-29 

Q and bandwidth in series resonant circuits, 5-27 
Q factor, 5-27 

Q in parallel resonant circuits, 5-52 

Quality figure, 5-27 


Radial vane meter movement, 2-14 
Radio frequency, 1-50 

Rating, capacitor peak voltage, 3-16 
Ratings, capacitor, 3-16 

Ratio, current, 6-23 

Ratio, impedance, 6-29 

Ratio, power, 6-22 

Ratio, turns, 6-21 

Ratio, voltage, 6-20 

Ratio, voltage division, 3-87 

Ratios, transformer, 6-20 

RC circuits in AC, 3-43 

RC circuits, phase shift (phase angle), 3-57 
RC circuits, impedance (Z) formulas, 3-50, 3-51 
RC circuits-series, in AC, 3-43 

RC circuits, vector diagrams, 3-45 
RC cutoff frequency, 3-91 

RC filters, 3-89 

RC high-pass filter, 3-92 

RC low-pass filter, 3-89 

RC parallel circuits in AC, 3-59 
Reactance, capacitive, 3-34 
Reactance, inductive, 4-29 

Reactive component, 4-42 
Rectification, full-wave, 2-12 
Rectification, half-wave, 2-12 
Rectifier—bridge, schematic, 2-11 
Rectifier, copper oxide, 2-10 








Rectifier, junction diode, 2-10 

Rectifier, schematic symbol, 2-10 
Rectifier type moving coil meter, 2-6 
Rectifiers, 2-9 

Reference line, zero, 1-36 

Reflected impedance, 6-59 

Remote controls, 7-32 

Remote control system, 7-33 

Resistance in AC circuits, 2-43 
Resistance, leakage, 3-17 

Resistance, parallel AC, 2-48 
Resistance, series AC, 2-46 

Resistive AC circuits, ohms law, 2-44 
Resistive AC circuits, power, 2-51 
Resistor, multiplier, 2-25 

Resistor, shunt, 2-22 

Resonance, 5-15 

Resonance nomograph, 5-89 
Resonance, parallel, 5-47 
Resonance—self and distributed capacitance of 
coils, 5-57 

Resonance, series, 5-21 

Resonant circuits, bandwidth, 5-29 
Resonant circuits, measuring bandwidth, 5-30 
Resonant circuits—parallel, bandwidth in, 5-54 
Resonant circuits—parallel, Q in, 5-52 
Resonant circuits—series, Q and bandwidth, 5-27 
Resonant frequency, 5-15 

Review of capacitors, dc, 3-6 

Review of inductors and inductance, 4-6 
RF, 1-50 

Right-hand motor rule, 7-8 

Right triangles, solving, 3-117 

Ring, slip, 1-19 

RL circuits, 4-41 

RL circuits, impedance, 4-44 

RL circuits, phase shift, 4-46 

RL circuits, series, 4-41 

RL cutoff frequency, 4-76 

RL filters, 4-75 

RL high-pass filter, 4-76 

RL low-pass filter, 4-75 

RL series circuits, vector diagram, 4-42 
RL voltage divider, 4-75 

RLC circuits, 5-6 

RLC circuits, parallel, 5-10 


RLC circuits, series, 5-6 

RLC circuits, summary, 5-86 
rms, 1-43 

Root-mean-square (rms), 1-43 
RPM, 7-24 


Safety, 8-30 

Safety devices, 8-31 

Safety grounds, 8-30 

Sawtooth wave, 1-55 

Scale, square law, 2-16 

Schematic bridge rectifier, 2-11 

Schematic symbol diode, 2-10 

Schematic symbol rectifier, 2-10 

Schematic symbols transformers, 6-12 

Scope, 2-32 

Secondary coil, 4-31 

Secondary current, 6-7 - 

Secondary winding, 6-7 

Self induction, 4-8 “ 

Self resonance and distributed pepe of 
coils, 5-57 x 

Sensitivity control, vertical, 2-36 

Sensitivity, meter, 2-21 

Series AC resistance, 2-46 

Series capacitance, 3-19 

Series inductance, 4-33 

Series motor, 7-11 

Series RC circuits in AC, 3-43 

Series resonance, 5-21 

Series resonant circuits, Q and bandwidth, 5-27; 

Series RL circuits, 4-41 = 

Series RL circuits, vector diagrams, 4-42 

Series RLC circuits, 5-6 

Service drop, 8-6 

Shunt motor, 7-12 tok 

Shunt resistors, 2-22 yey 

Shunt-type motor, 7-12 

Sine, trigonometric function, 1-31 

Sine wave, 1-30 y E eas 

Sine wave, average value, 1-42 a 

Sine wave, damped, 5-51 

Sine wave, effective value, 1-43 

Single layer coil, inductance, 4-14 





Single-phase motors, 7-15 

Sinusoidal waveform, 1-30 

Skin effect, 2-18 

Slip ring, 1-19 

Slippage, 7-26 

Snap-around meter, 2-18 

Solving right triangles, 3-117 

Solving transformer problems, 6-26 
Split core meters, 2-18 

Split-phase motor, 7-18 

Splitting, phase, 6-41 

Square law scale, 2-16 

Square wave, 1-54 

Stray capacitance, 3-7 

Summary, AC, 1-58 

Summary, AC home applications, 8-38 
Summary, AC measurement, 2-70 
Summary, motors and motor controls, 7-48 
Summary, RLC circuits, 5-86 
Summary, transformers, 6-62 

Sweep oscillator, 2-34 

Sweep time, 2-34 

Sync circuit, 2-35 

Synchro systems, 7-33 

Synchronous motor, 7-25 

Synchronous speed, 7-25 

Synchros and servos systems, comparison, 7-41 


Table, capacitance unit conversion, 3-11 
Table, conversion of inductive units, 4-11 
Table of dielectric constants, 3-12 

Table of trigonometric functions, 1-32, 3-132 
Tank circuits, 5-51 

Tank circuits, loading, 5-56 

Tank circuits, practical, 5-51 

Television broadcasting system, 1-10 
Theorem, Pythagorean’s, 3-70 

Theory, transformer, 6-14 

Thermcouple meter, 2-17 

Time base, 1-36 

Time base, horizontal, 2-34 

Time constant, 3-21 

Time constant, inductive, 4-20 


Time line, 1-36 

Time, sweep, 2-37 

Toroidal inductor, 4-16 

Torque, 7-8 

Transformer, 8-7 

Transformer action, 6-6 
Transformer applications, 6-40 
Transformer—auto, 6-44 
Transformer construction, 6-10 
Transformer efficiency, 6-37 
Transformer, isolation, 6-44 
Transformer losses, 6-33 
Transformer problems, solving, 6-26 
Transformer ratios, 6-20 
Transformer schematic symbols, 6-12 
Transformer theory, 6-14 
Transformer, variable, 6-47 
-Transformer with load, 6-16 
Transformer with no load, 6-14 
Transformers, electronic applications, 6-41 
Transformer, phase shifting, 6-41 
Transformer summary, 6-62 
Triangles—tright, solving, 3-117 
Triangular wave, 1-55 
Trigonometric function, sine, 1-31 
Trigonometric functions, table of, 1-32, 3-132 
Trigonometry, 3-58 

True power, 3-56 

True power, inductive circuits, 4-47 
Turns ratio, 6-21 

Two-phase motors, 7-18 

Types of capacitors, 3-13 

Types of filters, 5-67 

Types of inductive motors, 7-11 
Types of inductors, 4-14 

Typical electric bill, 8-10 

Typical household loads, 8-21 


Unbalanced systems, 7-36 

Unit conversion table, capacitance, 3-11 
Units of capacitance, 3-10 

Units of inductance, 4-10 

Universal motor, 7-13 





Value—average, sinewave, 1-42 ` see ge SP Xc, 3-34 
Value—effective, sine wave, 1-43 oe Xz, 4-29 
Value, instantaneous, 1-36 

Value, peak, 1-39 

Value, peak to peak, 1-40 Be hana 

Vane—concentric, meter movement, 2-15 He, Z, 3-51, 3-52 
Vane-—moving, meter, 2-13 Be eE e ey Zero reference line, 1-36 
Vane—radial, metermovement, 2-14 «3. 0. afro. ' 
Variable inductor, 4-17 i 

Variable transformer, 6-47 

Vector diagram, series RL, 4-42 

Vector diagrams, RC circuits, 3-45. : 

Vertical amplifier, 2-33 

Vertical attenuator control, 2-33 

Vertical deflection plate, 2-33 

Vertical sensitivity control, 2-36 . oo eae 

Volt—amps, 5-9 

Voltage and current in capacitive AC circuits, 3-32 

Voltage and current in inductive AC circuits, 4-27 

Voltage divider, capacitive, 3-87 i 

Voltage divider, RL, 4-75 a oy "4 

Voltage division ratio, 3-88 x 

Voltage, induced, 1-15 l 

Voltage, induced in a conductor, 1- 18 

Voltage—peak, capacitor ratings, 3-16 

Voltage ratio, 6-21 


Wattmeter, 2-27 

Wave, damped sine, 5-51 . 

Wave, fluctuating DC, 1-56 
Wave—full, rectification, 2-12 
Wave—half, rectification, 2-12 
Wave, nonsinusoidal, 1-54 ge 
Wave, sawtooth, 1-55 

Wave, sine, 1-30 

Wave—sine, average value, 1-42 
Wave— sine, effective value,1-43 i 
Wave, sinusoidal, 1-30 

Wave, square, 1-54 wad 
Wave, triangular, 1-55 

Winding, primary, 6-7 

Winding, secondary, 6-7 

Wire gauges, 8-12 

Wire gauges chart, 8-12 

WV, 3-16 











